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MANAGEMENT  REPORT 


As  anticipated,  the  major  problem  encountered  since  the  start  of  the 
new  program  in  October  is  with  a supply  of  GaAs.  We  do  not,  however, 
anticipate  that  this  will  hold  us  up.  Originally  we  had  expected  to 
obtain  this  material  from  Teledyne  MEC.  It  was  to  be  grown  there  by 
Bob  Adams  who  has  considerable  expertise  in  the  field.  He  has  already 
supplied  us  with  four  slices  from  Teledyne  MEC,  enough  for  our  needs 
until  the  end  of  February.  However,  he  left  Teledyne  MEC  a few  months 
ago. 

Since  that  time,  we  have  had  considerable  contact  with  Adams  and 
his  co-workers  at  Motorola  in  Arizona.  They  have  promised  to  supply 
us  with  the  material  we  need  and  appear  to  be  making  good  progress  in 
this  direction.  All  the  contacts  so  far  with  Adams  have  been  encour- 
aging, and  there  do  not  appear  to  be  any  hitches. 

In  addition  we  have  been  supplied  by  R.  Moon  at  Varian  Associates 
with  material  of  the  type  we  require,  although  the  individual  slices 
are  rather  small  for  our  needs.  The  carrier  density  and  quality  of  the 
material. is  in  the  correct  range.  They  should  supply  us  with  more 
material  of  larger  size  within  the  next  week. 

A further  source  of  supply  whom  we  have  contacted  is  Standard 
Telephone  Laboratories  in  England.  They  are  themsleves  interested  in 
making  surface  wave  correlators  out  of  GaAs.  So,  in  exchange  for  help 
with  the  design  of  the  correlators,  they  are  willing  to  supply  us  with 
GaAs.  At  the  present  time  the  quality  and  size  of  their  material  is 
not  adequate,  but  they  will  be  developing  their  technology,  and  they 
would  expect  to  be  able  to  send  us  material  within  the  next  one  or  two 
months . 
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We  therefore  feel  that  our  source  of  GaAs  supply  is  sufficiently 
well-assured  that  we  can  continue  this  program  with  confidence. 

We  should  add  that  there  is  also  a Japanese  commercial  source  from 
whom  we  may  be  able  to  buy  this  material;  but  the  price  is  extremely 
high,  and  the  minimum  amounts  they  wish  to  supply  are  too  large  for 
our  needs.  If  all  else  fails,  we  will  pursue  this  possible  source 
further. 

At  the  time  of  writing,  which  is  approximately  one  month  after  the 
end  of  the  period  covered  by  this  progress  report,, we  have  made  our 
first  monolithic  GaAs  convolver.  It  has  worked  extremely  satisfactorily 
with  far  better  performance  than  we  had  anticipated  for  our  first  try. 

The  device  has  not  been  constructed  as  a correlator  only  a convolver. 

' 

Because  of  the  extremely  encouraging  results,  we  intend  to  go  on  and 
build  a correlator  directly  without  an  initial  careful  . investigation 
of  the  technology,  as  the  difficulties  do  not  seem  to  have  been  as 
severe  as  we  had  anticipated. 

FISCAL  STATUS 

Total  amount  of  contract  $504,302 

Expenditures  & commitments  through  12/31/77  $227,424 
Estimated  funds  required  to  complete  work  $276,878 
Estimated  date  of  completion  of  work  30  September  1980 

During  this  period  a Hewlett  Packard  1740A  275  MHz  oscilloscope  was  pur- 
chased at  a cost  of  $2100.  This  oscilloscope  should  prove  helpful  in 
measuring  rf  and  pulse  waveforms  directly. 
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I.  SUMMARY 


During  the  last  six  months  considerable  progress  has  been  made  on 
both  our  ZnO  on  Si  devices,  our  development  of  GaAs  devices,  and  our 
theory  and  experiments  on  air  gap  devices.  Several  papers  have  been 
published  and  given  orally  at  the  Ultrasonics  Symposium.  These  papers 
are  enclosed  as  Appendices  to  the  report  and  give  a fairly  good  summary 
of  our  work  up  to  last  November.  In  addition,  a thesis  on  the  air  gap 
correlator  with  a detailed  theory  of  its  performance  is  in  the  process 
of  being  written.  The  chapter  of  this  thesis  on  the  analytic  theory  of 
the  diode  storage  correlator  is  enclosed  as  an  Appendix  in  its  entirety, 
because  we  believe  that  this  theory  is  of  major  importance.  For  the 
first  time  it  gives  a detailed  quantitative  picture  of  the  operation  of 
the  storage  correlator  and  agrees  in  all  respects  but  one  minor  one 
concerning  the  charging  time  of  p-n  diodes  with  our  experiments  and 
those  of  others.  During  the  last  few  months  we  have  been  covering  this 
aspect  of  charging  time  of  p-n  diodes  and  have  managed  to  satisfy 
ourselves  as  to  where  the  difficulties  have  lain.  An  outline  of  the 
theory,  carried  out  by  Tuan  on  the  subject,  is  also  given  in  this 
report. 

Experimentally  we  have  constructed  both  air  gap  and  ZnO  on  Si 
storage  correlators  and  correlated  FM  chirps,  Barker  codes,  and  so  on. 

A major  breakthrough  has  been  to  demonstrate  that  we  can  correlate 
codes  with  a time-bandwidth  product  as  large  as  30,000  in  a storage 
correlator.  This  should  prove  extremely  useful  in  its  application  to 
spread  spectrum  communications  as  well  as  radar  systems. 

Both  on  this  contract  and  others  we  have  been  carrying  out  analyses 
of  the  operation  of  inverse  filters  and  equalizers.  We  believe  that  the 
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storage  correlator  Is  ideally  suited  to  the  construction  of  adaptive 
filters  which  could  correct  errors  due  to  atmospheric  turbulance,  to 
communication  systems  themselves,  and  so  on.  On  other  contracts  we 
have  carried  out  demonstrations  of  transversal  filters  which  are 
controlled  by  a microprocessor  although  they  are  operated  at  relatively 
low  frequencies.  In  one  case,  we  used  a CCD  tapped  delay  line.  We 
are  also  carrying  out  direct  computations  using  a signal  read  into  a 
computer  and  correcting  errors  in  it  by  adaptive  processing.  This  is 
giving  us  considerable  experience  in  the  algorithms  necessary  for  the 
process. 

The  ZnO  on  Si  correlator  has  made  good  progress.  We  now  appear 
to  be  able  to  deposit  ZnO  reliably  although  slowly  and  have  constructed 
some  good  working  devices.  The  results  are  summarized  both  in  the  body 
of  this  report  and  in  the  enclosed  papers.  Some  difficulties  have  been 
encountered  with  the  silicon  technology  associated  with  the  devices, 
evidently  because  the  surface  states  in  the  silicon  can  be  effected 
by  the  deposition  of  ZnO.  Thus,  some  of  the  devices  we  have  constructed 
did  not  operate  satisfactorily,  although  previous  ones  had.  We  antici- 
pate that  this  is  a minor  difficulty  which  will  be  solved  on  later  runs. 
But  it  does  point  out  how  convenient  it  is  to  work  with  GaAs  which  does 
not  have  these  difficulties  because  no  ZnO  is  deposited  on  the  active 
region. 

During  the  course  of  our  work  on  GaAs,  we  observed  certain  defects 
caused  by  alloying  of  gold  with  the  GaAs  under  special  conditions.  It 
turned  out  that  we  could  examine  these  defects,  which  were  not  visible 
optically  on  the  top  surfaces  of  the  gold,  very  conveniently  with  the 
acoustic  microscope.  So  some  time  was  spent  with  the  group  under 
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Dr.  Quatc  looking  at  these  kinds  of  defects  by  this  technique.  We 
believe  the  technique  is  a very  powerful  one,  and  it  proved  very  useful 
in  this  case.  However,  unfortunately  from  the  point  of  view  of  proving 
the  efficacy  of  the  acoustic  microscope  in  our  experiments,  this  type  of 
defect  proved  to  be  very  rare.  Nevertheless,  it  does  point  out  that 
there  are  certain  features  which  are  extremely  difficult  to  detect  by 
other  techniques  unless  the  gold  is  first  removed  but  which  show  up 
very  clearly  with  the  acoustic  microscope,  even  though  these  defects  were 
in  the  GaAs  under  the  gold  layers. 

At  the  time  of  writing,  which  is  approximately  one  month  after  the 
end  of  the  period  covered  by  this  progress  report,  we  have  made,  our  first 
monolithic  GaAs  convolver.  It  has  worked  extremely  satisfactorily  with 
far  better  performance  than  we  had  anticipated  for  our  first  try.  The 
device  has  not  been  constructed  as  a correlator  only  a convolver.  Be- 
cause of  the  extremely  encouraging  results,  we  intend  to  go  on  and  build 
a correlator  directly  without  an  initial  careful  investigation  of  the 
technology,  as  the  difficulties  do  not  seem  to  have  been  as  severe  as  we 
had  anticipated. 

LIST  OF  PAPERS  PRESENTED  AND  PUBLISHED  DURING  THIS  PERIOD 

P.G.  Borden  and  G.S.  Kino,  "An  Analytic  Theory  for  the  Storage  Correla- 
tor," presented  at  the  1977  IEEE  Ultrasonics  Symposium. 

H.C.  Tuan,  B.T.  Khuri-Yakub,  and  G.S.  Kino,  "A  New  Zinc-Oxide-on-Silicon 
Monolithic  Storage  Correlator,"  Presented  at  the  1977  IEEE  Ultra- 
sonics Symposium. 

P.  Borden  and  G.S.  Kino,  "Input  Correlation  with  the.  ASW  Storage  Corre- 
lator," Published  in  Electronics  Letters  1J3,  // 16,  470-471  (4  August 
1977). 
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P.  Borden  and  G.S.  Kino,  "The  Charging  Process  In  the  Acoustic  Surface 
Wave  p-n  Diode  Storage  Correlator,"  Published  in  Applied  Physics 
Letters  31^,  //8,  488-490  (15  October  1977). 

H.C.  Tuan  and  G.S.  Kino,  "A  Monolithic  Zinc-Oxide-on-Silicon  p-n-Diode 
Storage  Correlator,"  Published  in  Applied  Physics  Letters  31.  #10 , 
641-643  (15  November  1977) . 

H.C.  Tuan  and  G.S.  Kino,  "Large-Time-Bandwidth-Product  Correlation  and 
Holographic  Storage  with  an  SAW  Storage  Correlator,"  Published  in 
Electronics  Letters  13^,  //24,  709-710  (24  November  1977). 
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II.  PROGRESS  ON  GaAs  CORRELATOR  TECHNOLOGY 


Significant  progress  has  been  made  in  the  fabrication  of  Schottky 
and  ohmic  contacts.  We  have  found  that  the  final  step  in  the  predeposition 
cleaning  process  is  the  most  critical.  We  have  also  found  that  it  is 
important  not  only  to  remove  all  oxides,  but  also  to  minimize  the  forma- 
tion of  new  oxides  between  the  cleaning  and  deposition  steps.  By  using 
a final  step  of  1:1  HCl:Methanol  followed  by  rinsing  in  Methanol  with 
minimum  exposure  to  air  during  sample  loading,  we  have  increased  the 

breakdown  voltages  to  values  which  are  consistently  over  100  V.  The 
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reverse  currents  have  also  been  reduced  to  less  than  10  A cm  for 

2 

a diode  of  area  3 mm  . The  electrical  characteristics  of  the  Au  or  A1 
diodes  do  not  change  with  heating  to  300°C  in  vacuum.  We  have  con- 
sidered trying  more  sophisticated  multilayer  Schottky  diodes;  however, 
because  of  mass  loading  of  the  surface,  a monolithic  storage  correlator 
is  adversely  affected  by  thick  metallizations. 

Ohmic  contacts  for  the  backside  ground  contact  have  been  made 
o 

using  a 4000  A thick  layer  of  eutectic  Ge-Au.  The  layer  was  annealed  at 

500°C  in  forming  gas  for  2 minutes.  This  was  found  to  be  the  minimum 

2 

time  necessary  to  get  relatively  low  contact  resistance  (30  ft-cm  ) . 

Balling  up  of  the  Ge-Au  film  has  not  proved  to  be  a significant  problem. 

Previous  storage  correlators  made  at  Stanford  used  a wavelength  of 
32  microns.  We  intend  to  fabricate  correlators  which  operate  at  a wave- 
length of  16  microns  (160  MHz).  New  masks  for  transducers  and  diode 
arrays  have  been  designed  and  tested.  The  diode  array  contains  diodes 
of  3 micron  width  with  3 micron  spacing.  A pattern  of  some  aluminum 


diodes  is  shown  in  Fig.  1.  These  dimensions  are  smaller  than  have 
previously  been  obtained  at  Stanford's  integrated  circuits  laboratory 
using  conventional  photolithography. 

We  have  made  a number  of  airgap  diode  convolvers  using  gold  Schottky 
barrier  diodes  without  oxide  between  the  diodes.  The  convolution 
efficiency  was  -80  to  -82  dBm.  External  dc  biases  of  + 500  V to  - 500  V 
affect  the  output  by  less  than  3 dB.  The  low  convolution  efficiency 
thus  appears  to  at  least  partly  be  due  to  a high  surface  state  density. 
Subsequently,  native  oxide  was  grown  between  the  diodes.  A solution 
of  potassium  permanganate  dissolved  in  acetone  was  used  in  one  case,  and 
a solution  of  sodium  phosphate  dissolved  in  water  in  the  other  case. 

The  permanganate  solution  attacked  the  gold  diodes.  The  convolution 
efficiency  was  improved  by  2 dB  when  the  second  solution  was  used.  We 
shall  attempt  to  obtain  much  greater  improvement  by  first  growing  the 
oxide  and  then  depositing  the  gold  layer.  We  are  also  investigating 
the  effects  of  sputtered  and  pyrolytic  oxides. 

Two  studies  have  been  initiated  in  conjunction  with  Prof  Gibbons' 
ion  implantation  group  at  Stanford.  We  are  making  a p /n  diode  correla- 
tor using  implanted  zinc  ions.  The  implantation  has  been  done,  and  a 
o o 

cap  of  1000  A silicon  nitride  and  7000  A SiO^  has  been  deposited  on 
the  sample.  The  diode  array  will  be  annealed  at  800°C  for  30  minutes. 

We  are  also  investigating  the  effects  of  proton  bombardment  on  reducing 
the  leakage  current  between  diodes.  The  initial  results  are  encouraging. 

We  intend  to  use  ZnO  on  Au  films  under  the  transducers  of  the  storage 
correlator  to  increase  the  piezoelectric  coupling.  We  have  found  the 
optimum  parameters  for  the  gold  deposition  and  are  investigating  the 
optimum  parameters  for  the  ZnO  deposition. 


J 
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The  optimum  deposition  conditions  are  slightly  different  from  the 
case  with  a silicon  substrate,  perhaps  because  of  the  difference  in  the 
thermal  conductivities  of  GaAs  and  Si.  We  anticipate  no  problems  with 
the  ZnO  deposition  because  in  the  past  it  has  been  relatively  easy  to 
obtain  high  quality  oriented  ZnO  films  on  oriented  Au  films  when  a 
substrate  of  silicon  was  used. 

In  the  course  of  our  work  on  diode  arrays,  we  found  that  under 

certain  conditions,  apparent  alloying  behavior  was  observed  optically 

(Fig.  2).  This  effect  was  much  more  evident  in  pictures  taken  using  an 

acoustic  microscope  (Fig.  3).  Consequently,  a study  was  initiated  in 

conjunction  with  Prof.  Quate's  acoustic  microscopy  group.  We  are 

o 

investigating  the  results  of  annealing  1000  A films  of  Al,  Ni,  Au  and 
o 

Ti  (50  A)  Au.  Acoustic  and  optical  pictures  of  a Au  on  GaAs  sample 
before  annealing  are  shown  in  Fig.  4.  Pictures  of  the  same  area  after 
annealing  at  175°C  and  275°C  in  vacuum  are  shown  in  Figs.  5 and  6. 
Pictures  of  a different  Au  on  GaAs  sample  that  was  annealed  at  400°C 
in  vacuum  are  shown  in  Fig.  7.  In  this  case  the  effects  of  the  anneal 
are  very  evident  in  both  the  optical  and  acoustic  pictures.  We  are 
also  conducting  a series  of  anneals  at  atmospheric  pressure.  Verifi- 
cation of  alloying  behavior  such  as  that  indicated  in  Fig.  3 will  be 
done  through  SIMS  measurements.  We  hope  to  be  able  to  detect  acoustically 
the  shape  and  size  of  alloying  that  has  been  referred  to  in  the  literature 
(from  Auger  measurements)  as  nonuniform  alloying.  This  may  demonstrate 
an  important  new  use  for  the  acoustic  microscope. 


after  annealing.  300 


FIG.  4 — Pictures  of  Au  on  GaAs 

(a)  Acoustic  300  x 

(b)  Optical  150  x 


Pictures  of  Au  on  GaAs  after  annealing  at  175°C 

(a)  Acoustic  300  x ; 

(b)  Optical  150  x . 


III.  PROCRESS  ON  ZnO-on-Si  STORAGE  CORRELATOR 
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A.  Signal  Processing 

Since  our  last  progress  report,  the  effort  on  the  ZnO-on-Si  storage 
correlator  has  been  divided  into  two  areas.  The  first  one  has  been 
using  the  existing  monolithic  correlator  to  demonstrate  the  signal 
processing  capability  of  such  a device.  Emphasis  has  been  put  on  the 
so-called  input  correlation  mode  of  operation,  where  signals  with  time- 
bandwidth  products  much  larger  than  the  inherent  time-bandwidth  product 
of  the  device  can  be  processed.  This  particular  mode  of  operation 
may  prove  to  be  very  useful  in  the  area  of  long  code  recognition.  The 
result  of  this  study  was  published  in  last  year's  November  14th  issue 
of  Electronics  Letters.  A preprint  of  the  paper  is  attached  with  this 
progress  report. 

Our  second  effort  is  to  improve  the  performance  of  the  device 
toward  larger  bandwidth,  longer  time  delay,  and  lower  spurious  signal 
levels.  The  device  we  are  shooting  for  at  the  present  time  is  one 
which  has  20  MHz  bandwidth,  4-5  psec  time  delay,  and  50  dB  or  more 
dynamic  range  Once  a device  of  this  kind  is  made,  some  more  elaborate 
and  practical  signal  processing  experiments  will  be  tried.  Included 
in  our  plan  is  to  install  a storage  correlator  into  one  of  the  acoustic 
imaging  systems  in  our  laboratory  to  function  as  an  inverse  filter  to 
improve  the  resolution  of  the  system.  Such  experiments  should  give  us 
a more  realistic  evaluation  of  the  potential  capability  of  the  storage 
correlator. 
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B.  ZnO-on-Sl  Technology 


As  to  the  fabrication  of  this  new  generation  of  ZnO-on-Si  device,  we 
encountered  some  technological  problems.  Samples  tested  so  far  failed  to 
produce  any  usable  device.  Since  the  ZnO  films  have  been  shown  to  be  of 
high  quality  from  the  RED  test,  the  problem  most  likely  is  coming  from 
the  Si  substrate.  Each  individual  diode  in  the  diode  array  structure  we 
are  presently  fabricating  is  4 pm  and  1 mm  long.  The  separation  between 
diodes  is  4 pm.  If  somehow  the  samples  get  contaminated  during  the  pro- 
cessing steps,  the  surface  areas  of  the  regions  separating  individual 
diodes  will  not  be  maintained  at  uniform  potentials.  This  may  cause 
inversion  layers  to  form  randomly  between  diodes,  thus  degrading  the 
performance  of  the  device.  To  verify  this  argument,  an  experiment  test- 
ing these  diode  arrays  in  the  airgap  configuration  is  presently  under- 
way. At  the  same  time,  more  diode  arrays  are  being  fabricated,  taking 
the  precaution  that  extra  cleaning  steps  are  needed  to  avoid  any  possible 
contamination.  From  our  past  experience,  we  feel  quite  confident  that 
this  will  be  accomplished  without  any  major  difficulty. 

C.  A New  Mode  of  Operation  for  the  Monolithic  ZnO-on-Si  Storage 

Correlator 

Schematic  diagrams  of  an  airgap  and  monolithic  ZnO-on-Si  storage  cor- 
relators are  shown  in  Fig.  8.  Two  techniques  have  been  used  in  the  past  to 
write  a signal  into  the  correlator.  The  first  one  is  the  so-called  "flash" 
technique  where  a narrow  pulse  is  applied  to  the  center  port  when  the  signal 
fed  into  transducer  A to  be  stored  is  propagating  underneath  the  center 
electrode.  The  second  technique  is  the  RF  technique  where  many  cycles  of 
RF  voltage  which  are  synchronized  with  the  signal  to  be  stored  are  applied 
to  the  center  port.  In  both  cases,  all  the  diodes  are  momentarily  forward 
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biased  so  that  the  signal  can  be  stored  in  the  fprra  of  a charge  pattern 
in  the  diodes. 

A second  look  at  Fig. 8(b)  shows  that  the  same  diode  array  can  also  be 
considered  as  a single  gate  BBD  structure.  Suppose  now  a negative  pulse, 
instead  of  a positive  one,  is  applied  to  the  gate.  Since  all  the  p-type 
islands  in  the  structure  act  as  sources  for  holes,  the  n-type  regions  in 
between  would  be  inverted.  Like  the  MOSFETs,  the  process  of  inversion 
layer  formation  itself  can  be  very  fast.  If  at  this  moment  when  inversion 
occurs,  a surface  wave  is  propagating  under  the  gate,  then  diodes  at 
different  positions  will  be  biased  at  different  potentials,  depending  on 
the  amplitudes  of  the  local  electric  fields  carried  by  the  surface  wave. 

Due  to  this  potential  difference,  carriers  will  flow  between  the  p-regions 
through  the  conducting  layers.  Once  the  charges  flow  to  a p-island  they 
will  be  trapped  there  after  the  gate  pulse  is  switched  off.  This  is  how 
the  storage  effect  is  accomplished. 

This  idea  was  tried  experimentally.  Even  though  the  correlation 
output  is  not  as  good  as  the  best  result  obtained  with  the  RF  technique 
(5  - 10  dB  down)  it  is  reasonable.  Figure  9 is  the  correlation  output 
after  500  psec  a 3 psec  stored  RF  signal  using  this  BBD  technique.  The 
amplitudes  of  the  pulse  used  is  65  volts. 

There  is  always  a chance  that  the  storage  effect  we  are  seeing  is 
due  to  surface  states.  To  check  this  possibility,  the  following  experiment 
has  been  performed.  A 2 psec  RF  pulse  is  first  stored  in  the  diode  array 
by  using  the  usual  RF  technique.  A negative  pulse  is  then  applied  to 
the  top  electrode  before  the  read-out  signal  is  applied.  The  argument 
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FIG.  8(a) — Typical  airgap  storage  correlator  structure 


is  that  if  indeed  the  negative  pulse  is  causing  charge  transfer  between 
diodes,  the  storage  should  be  erased  and  no  correlation  output  will  be 
obtained.  If  the  storage  effect  is  because  that  surface  states  are  being 
filled  or  emptied  by  the  negative  pulse,  then  the  correlation  output 
should  come  back  after  the  surface  states  relax  to  equilibrium.  This 
would  happen  because  the  charges  originally  stored  in  the  p-regions  in 
general  have  longer  decay  time  constant  than  those  trapped  in  the  surface 
states.  The  experimental  result  is  that  a negative  pulse  does  erase 
the  storage.  This,  to  a certain  extent,  proves  that  charge  transfer 
between  p-regions  does  occur.  Figure.  10  shows  the  correlation  outputs 
with  negative  pulse  being  applied  before,  during,  and  after  the  read-out 
signal.  The  arrows  point  out  the  moments  when  the  pulses  are  applied. 

The  detailed  principle  of  the  new  mode  of  operation  is  not  totally 
understood  yet  at  the  morent.  For  example,  since  the  negative  pulse  is 
applied  to  both  the  p-regions  and  the  n-regions  through  the  same 
capacitance,  it  is  not  clear  to  us  why  the  potential  barrier  between  the 
two  regions  should  be  lowered  to  allow  the  holes  to  flow  to  form  the 
inversion  layers.  In  spite  of  this,  the  experimental  result  does  point 
out  the  possibility  of  a whole  family  of  new  acousto-electric  devices, 
i.e.,  SAW  devices  with  charge  transfer  elements. 
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IV.  NEW  EXPERIMENTS  AND  THEORY  ON  THE  CHARGING  AND  DISCHARGING 


OF  A p-n-DIODE-CAPACITOR  SYSTEM 
A.  Theory  of  the  Process 

In  Section  IIA  of  the  progress  report  we  described  the  writing  of  a 
signal  into  the  SAW  storage  correlator  involves  the  charging  of  a capacitor 
through  a series  p-n  diode.  An  analytic  theory  for  this  charging  procfess 
was  given  in  our  last  report  in  which  the  theoretical  calculation  based 
on  this  theory  was  in  good  agreement  in  all  respects  with  the  experimental 
results  obtained  using  an  airgap  storage  correlator  with  a V-groove  mesa 
diode  array.  However,  when  a planar  diode  array  instead  of  a V-groove 
mesa  diode  array,  was  used  in  the  correlation  structure,  the  production 
on  the  charging  time  required  was  not  good.  Workers  at  both  Lincoln 
Laboratory  and  Thompson  CSF  in  France  also  encountered  the  same  difficulty 
in  their  effort  to  duplicate  the  experiment.  This  led  us  to  have  second 
thoughts  on  our  previous  theory  concerning  the  charging  mechanism  of  a 
p-n  diode.  As  a result,  a new  theory  has  been  developed  and  will  be 
presented  here. 

In  order  to  check  the  new  theory  in  a more  convincing  way,  the 
measurement  of  the  charging  characteristic  of  the  p-n  diode  should  be 
isolated  from  the  rather  complicated  operation  of  a storage  correlator. 
Large-area  diodes  were  therefore  fabricated  to  which  external  capacitors 
and  resistors  were  connected  to  simulate  the  storage  correlator  structure. 
With  this  arrangement,  the  voltages  at  different  points  of  the  circuit 
can  easily  be' monitored,  thus  providing  a direct  measurement  of  the 
charging  characteristics  of  the  p-n  diode.  It  also  has  the  flexibility 
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that  the  external  capacitor  and  resistor  can  be  changed  readily  so  that 
their  effects  can  be  studied. 

The  following  treatment  is  broken  into  three  sections.  In  the  first 
section  the  new  charging  theory  for  the  p-n  diode  is  discussed.  The 
second  deals  with  the  discharging  periods  of  the  diode.  In  the  third 
section,  the  experimental  procedures  will  be  examined  and  comparisons 
between  the  theory  and  the  experiment  will  be  made. 

(1)  The  Charging  of  a p-n  Diode  by  a Narrow  Tulse 

Typical  airgap  and  monolithic  storage  correlator  structures  to 
which  the  present  theory  will  be  eventually  applied  are  schematically 
shown  in  Fig.  8.  The  equivalent  circuit  looking  into  the  center  port  is 

essentially  a p-n  diode  in  series  with  a capacitor  and  a resistor,  as 

shown  in  Fig.  11.  The  capacitor  represents  the  capacitance  of  the  LiNbO^ 
delay  line  in  the  airgap  case,  and  that  of  the  ZnO  film  in  the  mono- 
lithic case.  The  resistor  is  due  to  the  output  impedance  of  the  driving 

pulser,  the  lead  resistance,  and  the  bulk  resistance  of  the  Si  substrate. 
Although  the  theory  presented  here  is  general  enough  to  cover  driving 
sources  (Vs)  of  arbitrary  waveform  and  duration,  we  will  focus  on  the 
use  of  a single  narrow  pulse  because  this  is  more  pertinent  to  our 
actual  experiment  set-up  with  the  storage  correlator. 

Originally  before  application  of  an  external  potential  the  diode  is 
in  thermally  equilibrium  with  a built-in  barrier  potential  of  V volts. 
After  the  source  is  turned  on,  the  depletion  capacitance  of  the  diode  is 
charged  up  and  diode  becomes  forward  biased.  Under  this  forward  bias 
condition,  minority  carriers  (holes)  are  passed  from  the  p-region  through 
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the  depletion  region  into  the  n-region.  This  process  is  transit-time 
limited  and  requires  only  a few  tens  of  picoseconds.  Once  the  minority 
carriers  are  in  the  n-region,  they  start  to  diffuse  into  the  bulk  and 
at  the  same  time  recombine  with  the  majority  carriers  at  a certain  rate, 
as  determined  by  their  lifetime.  The  total  number  of  minority  carrier 
swept  into  the  n-type  substrate  is  related  to  the  forward  bias  and  will 
rise  as  the  diode  is  increasingly  forward  biased  by  the  rising  pulse. 

The  extent  of  the  forward  bias,  as  well  as  the  total  number  of  minority 
carrier  in  the  n-region,  are  limited  by  the  external  circuit. 

After  the  pulse  has  reached  its  peak  and  starts  to  decay,  the 
voltage  across  the  diode  will  also  be  going  down.  This,  in  turn,  forces 
the  minority  carrier  density  at  the  edge  of  the  depletion  layer  to  drop. 
Once  this  happens,  the  minority  carriers  already  in  the  n-region  can 
diffuse  both  ways,  either  into  the  bulk  or  toward  the  depletion  layer. 

The  holes  which  reach  the  depletion  layer  will  be  swept  right  back  to 
the  p-region,  where  they  originally  came  from.  Eventually,  in  a matter 
of  a few  microseconds,  all  the  minority  carriers  except  those  which  have 
recombined  with  the  majority  carriers  will  be  brought  back  to  the  p-side 
of  the  junction.  The  minority  carriers  which  have  recombined  represent 
the  net  amount  of  charge  lost  by  the  p-region  during  this  charging  process. 
They  can  only  be  resupplied  slowly  by  the  small  reverse  saturation  current 
of  the  diode.  This,  depending  on  the  magnitude  of  the  reverse  current, 
may  last  from  tens  of  milliseconds  to  a few  seconds.  It  therefore  repre- 
sents a storage  effect.  It  is  the  concept  that  only  the  recombined. 
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minority  charges  can  contribute  to  the  storage  -that  marks  the  main 
difference  between  the  present  theory  and  the  previous  theory. 

Following  the  discussions  above,  the  diode  can  properly  be  modeled  as 
Shown  in  Figs.  11  and  12.  which  depends  on  the  junction  voltage,  is  the 

depletion  capacitance  of  the  diode  Q^(t)  is  the  total  amount  of  minority 
carrier  charge  stored  in  the  neutral  region  and  x^  is  the  minority 
carrier  lifetime.  Thus,  the  total  current  entering  the  neutral  region  is 


3 <3  Q 

I - — * + -* 

3t  x 


(1) 


Qp(t)/Xp  is  the  instantaneous  recombination  current  through 
the  diode,  and  3Q^(t)/3t  is  the  charging  current. 

The  total  charge  Q^(t)  due  to  the  presence  of  minority  carriers 
in  the  n-region,  is  related  to  the  junction  voltage  V(t)  through  the 
diffusion  equation 


3 p(x,t)  p(x,t) 


3x 


3p(x,t) 


3t 


(2) 


where  p(x,t)  is  the  excess  minority  carrier  density  and  is  the 

diffusion  constant  for  holes. 

The  proper  boundary  conditions  for  Eq.  (1)  are 

1.  p(0,t)  = i’n0(e6V(t)  - 1)  , 

2.  p(x,0)  = 0 , 

3.  p(“,t)  = 0 

where  x = 0 is  chosen  to  be  at  the  edge  of  the  depletion  layer  as  shown 
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in  Fig.  13.  is  the  hole  concentration  in  the  bulk  n-region  and 

f5  = q/kT  . Using  Laplace  transform  technique,  the  solution  to  Eq.  (1) 


with  the  proper  boundary  conditions  is  found  to  be 
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As  can  be  seen,  the  minority  carrier  distribution  at  any  time  t not  only 
depends  on  the  bias  across  the  junction  at  that  instant  but  also  depends 
on  the  past  history  of  the  diode. 

The  total  charge  due  to  the  minority  carriers,  Q (t)  , can  then  be 

P 

found: 


Qp(t) 


-(t-r)/T 

P 


(4) 


where  1^  = q . This  equation  is  of  the  convolution  form  and 

it  can  clearly  be  seen  that  I is  the  driving  term  and  II  is  simply  a 
weighting  factor.  It  states  that  the  contribution  to  the  total  minority 
carrier  charge  at  time  t from  a previous  bias  on  the  diode  at  time  t 
is  scaled  down  by  a weighting  factor  depending  on  the  ratioo  of  the 
elapsed  t-T  to  the  minority  lifetime  t 

P 

The  total  minority  charge  recombined  at  the  end  of  the  charging 
process 
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This  is  the  integral  which  is  of  the  most  interest  to  us  and  it  has  to 
be  calculated  eventually. 

Equation  (4)  can  now  be  used  to  set  up  the  loop  equation  for  the 
equivalent  circuit  in  Fig.  14.  The  resultant  equation  obtained  is  given 
below: 


vs(t) 
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FIG.  11 — Equivalent  circuit  looking  Into  the  top  electrode  of  the 
storage  correlator. 


FIG.  12 — Transient  analysis  model  for  a p-n  diode. 


FIG.  13  One  dimensional  p-n  FIG.  i4__Equivalent  circuit  of  a p-n  diode 

diode  geometry  for  under  reverse  bias, 

solving  diffusion 
equation. 
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and  A is  the  area  of  the  diode. 

As  we  mentioned  before,  our  attention  will  be  limited  to  a narrow 
driving  pulse  with  width  of  the  order  of  10  nsec.  For  such  a narrow 
pulse,  the  voltage  across  the  diode  in  general  will  stay  positive  only 
for  approximately  the  same  period  of  time.  Once  the  diode  is  reverse 
biased,  the  minority  carriers  trapped  in  the  n-region  will  decay  in  a 
fixed  pattern  as  determined  by  the  diffusion  equation  with  the  edge  of 
the  depletion  layer  acting  as  a sink.  The  detailed  behavior  of  the 
circuit  is  no  longer  important  in  determining  the  recombination  current 
through  the  diode.  The  fact  that  the  convolution  integral  has  to  be 
calculated  only  for  a relatively  short  period  of  times  makes  Eq.  (6) 
easily  accommodated  in  a computer  program. 

The  computer  program  basically  solves  Eq.  (6)  iteratively  to  find 
the  junction  voltage  and  the  total  stored  minority  charge  as  a function 
of  time.  This  calculation  will  terminate  once  the  junction  voltage 
becomes  negative.  From  this  point  on,  only  Eq.  (4)  is  needed  to  determine 
the  behavior  of  the  stored  minority  charge.  Though  it  is  not  a totally 
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trivial  form  Eq.  (4),  will  decay  rather  sharply  right  after  the 


junction  voltage  passes  its  peak  value.  This  decay  will  slow  down 


gradually  and  eventually  for  large  t , Qp(0  can  be  expressed  in  a much 


simpler  form. 


Qp(t)  « ^ 
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Q = / I - lj  dr  and  is  the  instant  when  the 
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junction  voltage  becomes  negative.  Thus  is  the  charge  initially 


stored  in  the  natural  region. 


For  the  short  pulse  we  are  using,  Eq.  (7)  will  be  a valid  approxi- 


mation' for  t > 60  nsec.  To  find  the  total  charge  recombined  at  the 


end  of  the  charging  process,  we  simply  calculated  the  following  integral 


, „ 60  nsec 

/Q  (t)  f Q (t)  r Q ( 
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Q (t) 


60  nsec  p 


using  Eqs.  (4)  and  (7). 


The  results  of  this  calculation  will  be  shown  in  Section  2. 


(2 ) Discharging  of  the  Stored  Charge 


As  we  explained  in  Section  1 , an  amount  of  charge  QR  is  stored 


in  the  diode-capacitor  system  after  the  charging  process.  This  stored 
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charge  will  be  discharged  slowly  through  the  reverse  leakage  current  of 

the  diode.  Since  the  reverse  leakage  current  of  a p-n  diode  is  usually 

very  small,  the  resistor  in  the  circuit  of  Fig.  11  can  always  be  neglected 

and  the  equivalent  circuit  becomes  simply  as  that  shown  in  Fig.  14, 

The  total  charge  Q stored  in  the  system  has  to  redistribute 
K 

itself  in  such  a way  that  the  potential  drop  across  the  capacitor  is 
equal  to  that  across  the  diode,  i.e.. 


(9) 


where  Q,  is  the  extra  depletion  layer  charge  needed  to  reverse  bias 
d 

the  diode  voltage  of  V. 

a 

For  a p-n  junction  in  thermal  equilibrium. 


^Vo2  = (qNdx0)2  = Qo2 

2e  2qeN,  2aN,e 
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where  x^  and  are  the  depletion  layer  width  and  the  depletion  layer 

charge,  respectively,  under  zero  bias  condition. 

With  a reverse  bias  of  V volts,  an  extra  amount  of  charge  Q is 

a a 

residing  in  the  depletion  layer,  and  Eq.  (10)  becomes 
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where  A is  the  area  of  the  diode.  Therefore, 
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Substituting  Eq.  (12)  into  Eq.  (9),  we  find  that 


-(e+l/a)  + ^(tf+la)2  + 4QR/a 


where  a = 
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The  reverse  bias  on  the  diode  can  therefore  be  found  through  Eq.  (12) 
by  writing 
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aQd(Qd  + 3) 
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(1A) 


The  stored  charge  Q will  leak  away  through  the  reverse  saturation 
current  of  the  diode  and,  as  a result,  the  reverse  bias  on  the  diode  will 
decay  slowly  toward  zero.  The  expression  governing  this  decay  will  be 
derived  below. 

The  reverse  current  of  a diode  is  in  general  bias  dependent.  For 
most  cases,  the  thermally  generated  carrier  in  the  depletion  layer 
constitute  the  dominant  source  for  this  reverse  evirrent.  We  assume  that 
this  applies  to  our  diodes,  too. 
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where  is  the  intrinsic  carrier  concentration,  is  the  carrier 

lifetime,  and  W is  the  depletion  layer  width. 

The  rate  of  change  of  the  voltage  across  the  diode  can  therefore  be 
written  in  the  following  simple  form 


d<yy 

dt 
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1/2 


(16) 


where  M 


C 

A 


B 


-7 — is  the  ratio  of  the  external  capacitance 

qNd  co 


to  junction  capacitance  at  zero  bias. 
The  solution  to  Eq.  (16)  is 


In 


1 + Vt)/VB 
1 + vd(0)/vB 


+ 2M  + 


- V1  + Vd(0)/Vi 


where  T 


Vo 


According  to  Eq.  (17),  the  decay  characteristic  of  a charged-up 
diode-capacitor  system  not  only  depends  on  the  leakage  current  of  the 
diode,  it  also  depends  on  the  initial  value  of  the  reverse  bias  and  the 
ratio  of  the  external  capacitor  to  the  junction  capacitance. 

(3)  Experimental  Results 

Figure  15  is  a schematic  diagram  of  the  experimental  set-up. 
The  high  impedance  probe  at  point  A measures  the  amplitude  of  the  pulse 
actually  driving  the  circuit.  The  probe  across  the  diode  measures  the 
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(17) 





diode 


reverse  bias  across  the  diode.  In  order  to  avoid  any  discharging  of  the 

capacitor  through  the  scope,  the  probe  chosen  has  a very  large  input 
12 

impedance  ( >10  ft)  . The  finite  probe  capacitance  is  included  in  the 
theoretical  calculation.  Figure  16  shows  the  reverse  bias  across  the 
diode  versus  the  pulse  amplitude  measured  at  point  A . The  three 
curves  correspond  to  three  different  combinations  of  external  resistor 
and  capacitor  values.  The  solid  lines  show  the  results  of  our  theoretical 
calculations  using  the  present  theory.  All  device  parameters  except 
the  minority  carrier  lifetime  used  in  our  theoretical  calculations  are 
measured  quantities.  The  minority  carrier  lifetime  3 psec  was  chosen 
so  that  the  theoretical  calculation  matches  well  with  the  experimental 
result  in  case  II.  The  fact  that  by  using  the  same  value  of  minority 
carrier  lifetime  the  theory  predicts  very  well  for  the  other  two  cases 
is  very  encouraging. 

Figure  17  (a)  shows  a typical  measured  decay  curve  for  the  reverse 
bias  on  the  diode.  Figure  17  (b)  shows  the  theoretical  plot  obtained  using 
Eq.  (17)  with  devices  parameters  identical  to  those  used  in  Fig.  16.  The 
agreement  is  quite  good  so  far  as  the  storage  time  is  concerned.  The 
noticeable  difference  in  shape  between  the  two  curves  is  not  unexpected. 
The  reverse  I-V  measurement  shows  that  the  test  sample  does  not  follow 
Eq.  (15)  exactly.  The  reverse  current  rises  a little  bit  faster  with 
reverse  bias  than  predicted  by  Eq.  (16)  where  3 psec  is  assumed  for  the 
minority  carrier  lifetime.  On  the  other  hand,  at  low  bias  voltage  the 
leakage  current  measured  is  slightly  below  that  obtained  from  Eq.  (16). 
This  explains  why  the  measured  voltage  decays  more  sharply  for  large 
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FIG.  16 — The  reverse  bias  across  the  p-n  diode  after  charging  vs  the 
amplitude  of  the  narrow  charging  pulse. 


reverse  bias  and  more  slowly  for  low  reverse  bias.  The  agreement  in 
storage  time  between  the  theory  and  the  experiment  also  suggests  that 
the  choice  of  3 psec  as  the  minority  carrier  lifetime  is  a reasonably 
good  one. 

We  see  that  the  theory  predicts  the  behavior  of  a p-n  diode 
reasonably  well  under  conditions  normally  ised  in  a p-n  diode  correlation. 

It  would  appear  that  our  V groove  p-n  diodes  had  far  shorter  recombina- 
tion times  than  had  originally  been  thought.  This  would  explain  how  we 
were  able  to  charge  them  almost  fully  with  a relatively  short  pulse  a few 
nanoseconds  long.  It  would  also  explain  why  in  experiments  with  longer 
sotrage  time  diodes,  longer  charging  times  were  required. 

We  have  reexamined  the  storage  output  from  an  airgap  correlator 
containing  a silicon  diode  array  that  was  1 3/A  years  old;  this  array  had 
not  been  thermally  oxidized  and  only  a native  oxide  was  used  in  much 
the  same  manner  as  in  the  base  silicon  convolvers  made  here  and  at  Lincoln 
Labs.  . It  was  found  that  the  storage  output  had  decreased  by  20  dB  and 
the  3 dB  storage  time  had  decreased  from  8 ms  to  A50  us,  although  the 
efficiency  as  a convolver  had  not  changed. 

The  diodes  in  this  case  were  p+/n  V grooved  diodes  with  unoxidized 
surfaces.  It  was  found  that  by  applying  a 500  v forward  bias  across  the 
diodes,  the  efficiency  could  be  increased  to  its  former  value  and  the 
storage  time  could  be  increased  by  a factor  of  30  to  1 ms.  This  is 
twice  as  long  as  was  measured  a year  and  one  half  ago. 

We  believe  the  deteriorating  effect  was  due  to  the  change  in  surface 
potential  as  a result  of  contamination  or  increased  oxidation  on  the  V-groove 


surfaces.  The  forward  bias  then  removed  the  inversion  layer  at  the  sur- 
face. The  remedy  should  be  simple,  to  thermally  oxidize  the  silicon 
after  construction  of  the  array. 

It  should  be  noted  that  calculations  of  the  type  given  here  would 
need  relatively  short  recombination  times  of  the  order  of  3 psec  to  give 
a storage  time  as  short  as  8 msec.  In  this  case  the  storage  could  be 
carried  out  with  a short  pulse,  as  we  had  found  earlier. 
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APPENDIX  A 


AN  ANALYTIC  THEORY  OF  THE  DIODE  STORAGE  CORRELATOR 

This  Appendix  is  Chapter  IV  of  a long  report  which  is  being 
written  and  is  included  to  give  a detailed  description  of  the  theory 
of  zhe  storage  correlator  which  has  been  developed. 


LIST  OF  VARIABLES 


Equation  number  where  variable  Is  defined  or  first  used 

Spacial  dependence  of  fundamental  acourtic  mode  (49) 

Reduced  model  coupling  capacitance,  = C + C (4) 

a p 

Acoustic  coupling  capacitance  (1) 

Diode  capacitance  (9) 

Diode  capacitance  for  = 0 (8) 

Peak  diode  capacitance  for  pulse  writing  (14) 

Overlay  capacity  (60) 

Plate  circuit  coupling  capacitor  (4) 

Total  capacity,  = C + (12) 

Peak  total  capacity,  = C + C^  (14) 

Piezoelectric  substrate  thickness 
Minority  carrier  diffusion  constant  (A-l) 

Semiconductor  bandgap  energy 

filling  factor  (B-l) 

Airgap  thickness  (1) 

Current  in  acoustic  circuit  (3) 

Total  diode  current  (3) 

Readout  current  through  n^  diode  element  (43) 
Current  in  plate  circuit  (3) 

Diode  reverse  saturation  current  (7) 
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A 


Boltzmann' 8 constant  (7) 


k: 


l: 


L: 


*^c: 

•'"sc5 

M(Bh): 


1 


N: 


pn(x,t): 

Pn05 

P : 
ar 

P : 
aw 


q: 


Diode  array  periodicity  , (56) 

Length  of  interaction  region  (44) 

Efficiency  of  acoustoelectric  convolver  (57) 

Efficiency  of  storage  correlator  (56) 

Space  charge  coupling  factor  (B-3) 

Intrinsic  carrier  density 

Number  of  diode  elements  per  unit  length  (44) 
Semiconductor  doping  density  (8) 

Minority  carrier  density  in  neutral  region  (A-l) 
Equilibrium  minority  carrier  density  (41) 

Acoustic  reading  signal  power 
Acoustic  writing  signal  power 
Output  power  (reading)  (45) 

Electron  charge  (7) 

Readout  charge 

Component  of  stored  in  the  diode  capacitor,  (61) 

Total  charge  in  the  diode  capacitor,  (8) 

Component  of  stored  charge  without  special  phase  8z  (40) 
Excess  minority  carrier  charge  in  neutral  region  (A-4) 
Total  stored  charge,  Q = Q_  + Q (11) 

8 U li 

Series  resistance  in  acoustic  circuit 
Output  load  resistance  (44) 

Series  resistance  in  plate  circuit 
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t: 


w 


z:  Position  along  diode  array  (49) 

z J Position  of  n*"*1  diode  array  element  (48) 

n 

Z : Acoustic  impedance  (6) 

a 

B:  Acoustic  propagation  constant 

6.:  Diode  array  element  width  (1) 

Dielectric  constant  of  air  (1) 

Dielectric  constant  of  piezoelectric  (2) 

e : Dielectric  constant  of  semiconductor  (8) 

s 

y:  Perturbation  in  8 due  to  presence  of  semiconductor  (52) 


w!  Radial  frequency 


Total  acoustic  potential  seen  in  space  above  piezoelectric, 

“ 4*3  + *s  (51) 

Fundamental  term  in  harmonic  expansion  of  acoustic  potential  (49) 
Potential  due  to  fundamental  propagating  acoustic  mode  (51) 
Potential  due  to  all  other  acoustic  modes  (50) 

Readout  surface  wave  potential  (39) 

Plate  reading  potential  (43) 

Semiconductor  surface  charge  density  due  to  <f>s  (50) 

Measure  of  coupling  to  piezoelectric  substrate  (6) 
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The  acoustoelectric  surface  wave  storage  correlator  is  a device  capable 
of  storing  and  correlating  broad  bandwidth  signals  in  real  time.  Consider- 
able development  has  occurred  since  the  first  demonstration  of  principle, 
and  a number  of  device  structures  and  modes  of  operation  have  evolved.  Here, 
we  derive  an  analytic  theory  broad  enough  in  scope  to  elucidate  the  physics 
and  accurately  predict  the  performance  of  most  of  the  reported  structures 
and  modes  of  operation. 

The  device  considered  consists  of  a silicon  diode  array  situated  a few 
hundred  nanometers  above  an  acoustic  acoustic  surface  wave  delay  line,  as 
shown  in  Fig.  1.  It  has  three  ports:  two  connected  to  acoustic  surface  wave 
transducers,  (L,R)  , and  a third,  called  the  plate  (P)  , connected  to  the 
back  of  the  diode  array.  The  interaction  of  inputs  from  any  two  of  the  ports 
writes  a signal  into  the  diode  array  in  the  form  of  a spacially  varying  charge 
pattern.  A later  input,  called  the  readout  signal,  causes  a readout  to  appear 
at  one  of  the  three  ports  in  the  form  of  a correlation  or  convolution  of  the 
readout  signal  and  the  stored  charge  pattern. 

The  process  of  writing  a charge  pattern  into  the  diode  array  may  be 
understood  with  the  aid  of  Fig.  2(a).  The  equivalent  circuit  for  a single 
element  of  the  diode  array  consists  of  a diode  connected  to  a voltage  source 
V through  a coupling  capacitor  . Let  us  first  consider  the  case  where 
the  source  voltage  V is  a single  large  short  duration  voltage  spike  of  peak 


amplitude  V ^ . The  diode  will  rapidly  turn  on  and  act  essentially  like  a 
closed  switch,-  so  that  a charge  Qg  = ^pVpk  *s  deposited  *n  t*ie  coupling 
capacitor  . When  the  pulse  returns  to  zero,  the  capacitor  appears 
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la)  WRITING 


PIEZOELECTRIC 


across  the  diode,  reverse  biasing  it.  The  stored  charge  Q now  leaks  out 

8 

of  the  capacitor  C very  slowly,  with  the  diode  reverse  leakage  current. 

Fig.  2(b). 

If  an  acoustic  surface  wave  travels  on  the  piezoelectric  substrate 

under  the  diode,  its  associated  electric  fields  will  bias  the  diode.  In 

this  case,  the  source  voltage  V is  the  sum  of  two  components,  a dominant 

one  due  to  the  plate  pulse,  and  a smaller  one  due  to  the  surface  wave.  When 

the  plate  pulse  turns  on  the  diode,  a small  component  of  the  charge  deposited 

and  stored  in  the  coupling  capacitor  is  due  to  the  surface  wave  amplitude 

at  the  position  of  the  diode.  In  this  manner,  information  contained  in  the 

surface  wave  may  be  stored  as  a charge  pattern  in  the  diode  array. 

Readout  may  be  obtained  by  applying  an  rf  reading  signal  Vre^ut  to  the 

plate,  as  in  Fig.  2(c).  This  reading  signal  appears  across  the  capacitive 

voltage  divide  composed  of  the  diode  varactor  and  the  capacitance  due 

to  the  piezoelectric  substrate  thickness  . The  diode  capacitance 

is  a function  of  the  stored  charge  Q , so  that  a component  of  the  diode 

s 

voltage  Vp  is  due  to  the  product  of  the  stored  charge  and  the  reading,  signal. 
This  component  excites  a surface  wave  that  is  seen  at  the  surface  wave  trans- 
ducers as  either  the  convolution  or  correlation  of  the  readout  signal  and  the 
stored  charge  pattern. 

In  reality,  the  device  operation  is  far  more  complex.  There  are  a number 
of  alternate  modes  of  writing  and  reading,  and  a number  of  device  structures. 

We  will  shortly  consider  the  unique  features  of  each  case  in  detail. 

The  first  version  of  the  storage  correlator,  reported  in  1974  by  Cafarella 
and  Bers  (1),  and  also  by  llayakawa  and  Kino  [2],  employed  silicon  surface  state 
storage.  In  1975,  Ingebrigtsen  [3]  demonstrated  the  first  device  with  Schottky 
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diode  storage.  Soon  afterward,  Maerfeld  and  Tournois  [4],  and  also  Borden 
and  Kino  [5],  reported  results  with  devices  employing  storage  in  arrays  of 
p-n  junction  diodes.  In  general,  diode  storage  has  proven  far  superior  to 
surface  state  storage  with  respect  to  reproducibility,  storage  time,  effi- 
ciency and  uniformity.  This  motivates  restricting  the  scope  of  this  paper 
to  the  diode  correlator;  Indeed,  most  current  devices  employ  arrays  of 
either  Schottky  or  p-n  junction  diodes  as  the  storage  medium. 

Past  theoretical  treatments  have  considered  the  storage  of  signals  in 
surface  states  [6],  or  of  low  level  input  signals  in  diodes  [7], [8], [9]. 

Here,  we  address  the  need  for  a general  theory,  wherein  the  performance  of 
the  device  is  predicted  when  any  reported  method  of  writing  a signal  into 
the  diode  array  is  coupled  with  any  reported  readout  technique.  Further- 
more, our  results  are  always  provided  in  analytic  form  to  enable  their 
ready  use  in  the  understanding  or  design  of  a storage  correlator.  The 
assumptions  thus  required  in  most  cases  minimally  affect  the  final  accuracy; 
we  will  make  note  when  this  is  not  the  case. 

This  work  is  broken  into  five  parts.  The  first  une  catalogues  the  vari- 
ous modes  of  operation  and  diode  array  structures  herein  considered.  The 
second  section  deals  with  the  writing  of  a signal  into  the  diode  array.  We 
adopt  appropriate  circuit  models  and,  in  each  case,  calculate  the  net  stored 
charge  residing  in  the  diode  array  at  the  end  of  the  writing  process.  In  the 
third  section,  we  establish  circuit  models  appropriate  for  readout  and  cal- 
culate the  device  output  in  terms  of  the  stored  charge  found  in  Section  2. 

A fourth  section  is  devoted  to  a comparison  with  experimental  results.  In  the 
final  section  we  consider  the  relative  performance  of  the  various  device  struc- 
tures and  modes  of  operation,  and  compare  the  storage  correlator's  efficiency 
to  that  of  other  existing  acoustoelectric  signal  processing  devices. 


1,  Modes  of  Operation  and  Diode  Array  Structures 


The  storage  correlator's  operation  involves  two  distinct  processes. 

The  first  of  these,  called  "writing",  is  the  operation  of  storing  a signal 
in  the  diode  array  as  a spacially  varying  charge  pattern.  The  second,  called 
"reading",  is  the  correlation  or  convolution  of  the  stored  charge  pattern  with 
a readout  signal.  The  various  inodes  of  writing  and  reading  considered  here 
are  summarized  in  Fig.  3 and  Table  I. 

In  acoustic-plate  writing,  the  electric  fields  associated  with  a travel- 
ing surface  acoustic  wave  interact  with  an  externally  applied  plate  signal 
to  charge  the  diodes.  We  consider  separately  the  two  alternate  cases  where 

the  plate  signal  is  either  a large  amplitude,  short  duration  voltage  pulse 

* 

or  a low  level  rf  signal.  In  acoustic-acoustic  writing,  a second  surface 
wave  input  signal  replaces  the  plate  signal. 

Two  reading  modes  are  considered.  In  acoustic-to-plate  reading,  the 
readout  signal  is  applied  to  one  of  the  acoustic  ports  and  the  output  ap- 
pears as  an  rf  signal  at  the  plate  terminal.  In  plate-to-acoustic  reading, 
the  readout  signal  is  applied  to  the  plate  and  the  output  appears  at  one  of 
the  acoustic  ports.  As  indicated  in  Fig.  3 and  Table  I,  the  time  inverse 
readout  functions  of  correlation  and  convolution  are  obtained  by  appropriate 
choice  of  the  acoustic  port. 

Before  quantitatively  describing  the  theory  of  operation,  it  is  help- 
ful to  gain  some  physical  insight  into  the  processes  involved.  Reference 
is  made  to  the  simplified  circuit  models  of  Fig.  4.  The  circuit  model  of 
Fig.  4(a),  which  functions  essentially  like  a sample  and  hold  circuit,  is 
appropriate  for  acoustic-plate  writing  when  the  external  signal  is  a single 
high  amplitude  pulse.  The  sampling  capacitor,  C , is  due  to  both  the  airgap 
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TABLE  I 


Writing 


Mode 

Input  Ports 

Spacial  Phase  of 
Stored  Pattern 

Acoustic-Plate  . 

L,P  (either  single 

pulse  or  rf) 

Bz 

Acoustic-Acoustic 

L,R 

2&z 

Reading 

Mode 

Input  Port  Readout 

Port  Readout 

Acoustic-to-plate 

L 

P 

Correlation 

R 

P 

Convolution 

Plate-to-Acoustic 

P 

L 

Correlation 

P 

R 

Convolution 
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separating  the  acoustic  surface  wave  from  the  diode  array  and  the  piezo- 
electric substrate  sandwiched  between  the  diode  array  and  ground.  The 

diode  is  a single  element  of  the  array.  V “V  + V is  a source  com- 

sap 

posed  of  the  sume  of  two  voltage  components.  V is  a low  level  component 
due  to  the  surface  wave  potential,  is  an  externally  applied  plate  sig- 

nal that  may  be  either  a short  duration  high  amplitude  sampling  pulse  or  a 
low  level  rf  signal. 

i)  Acous tic-Plate  Writing  with  a High  Amplitude  Plate  Pulse 


The  plate  pulse  voltage  V is  assumed  to  be  of  sufficient  amplitude 

to  turn  on  the  diode,  so  that  it  acts  essentially  like  a closed  switch. 

Thus,  a charge  Q = CV  - C (V  + V ) is  deposited  in  the  coupling  capaci 
s s a p 

tor,  C . When  the  pulse  turns  off,  the  charged  coupling  capacitor  C 
appears  directly  across  the  diode,  reverse  biasing  it.  The  stored  charge 
now  leaks  out  of  C slowly  with  the  diode  reverse  leakage  current. 

The  full  diode  array  is  next  considered.  Each  diode  is  located  at  a 
position  and  the  sampling  pulse  is  on  at  a time  t , so  that  the 

stored  charge  pattern  is  of  the  form: 


/ 1 vm  t — p z ) \ 

■ c(v  p +v) 


where  to  and  g are  the  surface  wave  frequency  and  propagation  constant, 
respectively.  If  there  are  at  least  two  diodes  per  acoustic  wavelength, 
and  if  the  pulse  duration  is  shorter  than  2ir/to,  then  by  the  Nyquist 
sampling  theorem  enough  samples  are  stored  to  reconstruct  the  surface  wave 
modulation  and  spacial  phase,  e . 
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ii)  Acoustic-Plate  Writing  with  a Low  Level  RF  Signal 

The  circuit  model  of  Fig.  4(b)  is  appropriate  for  acoustic-plate 
writing  when  the  plate  signal  is  a low  amplitude  rf  pulse.  Now,  the 

source  voltage  V is  of  the  form: 

8 

V - v eJ(ut-ez)  + V ejut 
s a p 

In  this  case,  the  acoustic  potential  is  usually  the  dominant 

component  of  Vg  and  neither  nor  is  of  sufficient  amplitude 

to  strongly  turn  on  the  diode.  Thus,  the  diode  current  flows  largely 
through  the  depletion  layer  capacitor  . The  diode  voltage  is 

of  the  form: 


*« 


c + c„ 


V‘>  - vo 


where  is  due  to  charge  stored  in  the  diode  capacitance  CD  . 

Here,  positive  half  cycles  of  the  source  voltage  Vg  weakly  forward 
bias  the  diode  so  that  it  acts  like  a switch  with  a high  series  resistance. 
Now  the  charging  process  is  drawn  out  over  several  cycles  of  Vg  until 
sufficient  current  has  flown  to  completely  charge  the  coupling  capaci- 
tor C . 

The  amplitude  and  phase  of  the  stored  charge  pattern  can  be  determined 
by  noting  that  the  surface  wave  potential  samples  the  plate  signal  with  suc- 
cessive peaks  spaced  in  time  by  2ir/u.  The  total  stored  charge  Qg  is 
given  by 

Ej  (<j>  +3z  +2mir) 

K(t  + 2imr/u>)  V (t  + 2imr/w)  e 
m P p P 

1 (iJ-O+Bz 

- Q0  + e 

m 


n K(t  + 2rmr/w)  V (t  + 2nm/a>) 

fc  4 D n n 
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The  charge  Qn  is  a spacially  uniform  component  of  the  total  charge  Q 
due  to  the  surface  wave  alone  scanning  the  diode  array;  tp  and  ^ are 
the  time  and  phase  of  the  first  surface  wave  peak,  and  K(t)  is  a slowly 
varying  factor.  Thus,  the  stored  charge  pattern  has  a component  that 
retains  the  surface  wave  spacial  phase  and  a weighted  sum  — or  integral, 
if  m is  large  — of  the  plate  signal  modulation 
ill)  Acoustic-acoustic  Writing 


The  two  surface  wave  amplitudes  are  and  V ^ and  reference  is 

again  made  to  Fig.  4(b).  The  source  voltage  V is  now  of  the  form 

6 


v eJ (wt-Bz)  + v ej (mt+Bz) 
al  a2 


For  the  case  of  >>  » the  analysis  is  identical  to  that  of 

acoustic  plate  writing  with  a low  level  rf  plate  signal.  Now,  however. 


Q « Q + xl  K(t  + 2mir/w)  V (t  + 2imr/u) 
s u p at  p 

m r 


j (<(>0+2Bzn+2mif) 


J(V2eZn} 

+ e K(t  + 2rair/a))  V 0(t  + 2nm/<i))  , 

0 p at  p 


so  that  the  spacially  varying  component  of  Q has  twice  the  spacial  phase 

# s 

of  each  surface  wave, 
iv)  Storage 

During  the  storage  interval,  charge  resides  in  both  the  diode  capaci- 
tor Cp  and  the  parallel  piezoelectric  substrate  capacitance  , as  in 
Fig.  2(b).  This  charge  is  lost  linearly  in  time  with  the  diode  reverse 
leakage  current  , so  that  the  stored  charge  Qg(t)  is  Biven  hy 

Qg(t)  *»  Qg0  - IRt,  where  QgQ  is  the  original  stored  charge.  The  stored 


charge  may  thus  be  scaled  appropriately  for  any  delay  between  writing  and 
reading. 

v)  Reading 

The  readout  process  employs  the  varactor  properties  of  the  diodes. 
Thus,  the  circuit  of  Fig.  2(c)  applies,  where  the  source  \T  is  due  to 
the  surface  wave  potential  in  the  acoustic-to-plate  mode,  or  the  exter- 
nally applied  rf  signal  in  the  plate-to-acoustic  mode.  A component 
of  the  diode  voltage  appears  as  the  product  of  the  reading  signal  volt- 
age V and  the  stored  charge  Q . In  acoustic-to-plate  reading,  this 
r 8 

has  the  form  of  an  rf  voltage.  The  plate  electrode  on  the  back  of  the 
diode  array  sums  the  diode  voltages  over  the  array  length,  so  that  the 
output  voltage  is  seen  as 


V « e^ut  f Q (z/v)  V (t  ± — ) d(z/v) 
out  / s r v 

array 

The  sign  of  z/v  in  the  argument  of  depends  on  the  choice  of  input 

transducer. 

In  the  case  of  plate-to-acoustic  reading,  the  readout  component  of 

the  diode  voltage  is  of  the  form  Q (z)e~^z  V e~^ut  = Q V 

s r s r 

This  excites  surface  waves  which  propagate  to  both  transducers.  The 
amplitude  of  the  surface  wave  propagating  back  toward  the  original  input 
transducer  has  the  form 


V « 
sw  . 


eJ  (tot-^z) 


/ 

array 


V ft  + (z/v  )]  Q (z/v)  d(z/v) 

i a 8 

(correlation) 


t 
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and  toward  the  opposite  transducer  has  the  form 


V 

8W 


Thus  in  both  readout  modes  the  output  appears  as  either  the  convolution 

or  correlation  of  the  stored  charge  pattern  and  the  readout  signal. 

The  analysis  will  be  performed  for  both  fast  (such  as  Schottky)  and 

p-n  junction  diodes.  A fast  diode  is  a device  whose  conduction  current 

/ qvD/^T  \ 

is  of  the  form  I fe  - lj  > egardless  of  the  rise  time  of  the 

diode  voltage,  . This  is  seldom  true  for  p-n  diodes  in  this  ap- 

plication. Hence,  the  analysis  will  account  for  their  transient  re- 
sponse. 

The  theory  is  readily  adapted  to  either  type  of  diode  with  conductive 
overlays.  The  results  are  analytic  when  the  overlay  is  modeled  as  a fixed 
capacitor  in  parallel  with  the  diode.  This  assumption  is  usually  rea- 
sonable. 


Writing 


The  analysis  of  the  various  modes  of  writing  a charge  pattern  into  the 
diode  array  follows.  Writing  with  a single  pulse  is  first  considered  for 
both  fast  and  p-n  junction  diodes.  Treatment  of  the  low  level  input 
case  then  follows,  again  for  both  types  ot  diodes. 

i)  Writing  into  Fast  Diodes  with  a Single  Pulse 

The  charging  of  an  array  of  fast  diodes  with  a single  pulse  is  analyzed 
by  adopting  a complete  circuit  model  that  may  be  reduced  with  reasonable 


simplifications.  Analytic  forms  for  the  total  stored  charge  and  the  compo- 
nent with  the  spacial  periodicity  of  the  surface  wave  are  then  found. 

The  complete  circuit  model  in  Fig.  5(a)  is  composed  of  two  separate 
loops  coupled  through  the  diode.  The  left  loop  models  the  coupling  of  the 
electric  fields  associated  with  the  traveling  acoustic  surface  wave  to  the 
diode  through  a capacitor  C given  by  [10] 

d 


C 

a 


e_  + e tanh  (Bh) 
2 2 

(en+e  )[l+tanh  (Bh)] 

0 p 


(1) 


This  form  may  be  derived  directly  from  the  equations  for  the  space 
charge  field  above  the  piezoelectric,  as  is  done  by  Kino  and  Reeder 
Here,  is  the  dielectric  constant  of  free  space,  is  an  effective 

dielectric  constant  for  the  piezoelectric,  given  by 


c 

P 


(e  e - e2  ) 
yy  zz  yz 


1/2 


(2) 


T 

The  stress  free  dielectric  tensor,  je  is  used;  for  YZ  - LiNbO^, 

e =50.2  . The  sinc(B6/2)  is  due  to  field  averaging  over  the  diode 

P 

width  6 . This  formulation  for  the  acoustic  circuit  is  valid  when  the 
perturbation  due  to  the  presence  of  the  diode  array  is  small,  so  that 
the  principal  propagating  mode  is  a Rayleigh  wave  with  propagation  con- 
stant B = u/v  , where  u is  the  frequency  and  v the  propagation 
d d 

constant. 

The  negative  capacity  -e^B  is  usually  negligible  compared  to  the 

diode  capacity,  Cn  , and  will  be  henceforth  ignored.  R accounts  for 
is  a 

transverse  currents  between  adjacent  diodes.  This  may  be  shown  to  be  the 
principal  source  of  propagation  loss  due  to  the  diode  array. 
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The  right  loop  models  the  coupling  of  plate  signals  to  the  diode. 

C is  the  capacity  due  to  the  piezoelectric  substrate  thickness  d , 

p 

and  11^  arises  from  the  source  and  semiconductor  bulk  Impedances. 

In  order  to  obtain  analytic  results  in  the  simplest  form,  we  shall 
Ignore  both  R^  and  R^  . Dropping  R^  is  tantamount  to  assuming  good 
isolation  between  adjacent  diodes,  a reasonable  assumption  in  mesa  and 
overlay  diode  arrays.  R^  is  ignored  with  the  assumption  that  R^C^  K<  u/2n 
This,  too,  is  nearly  always  true  due  to  the  relatively  low  spreading  resis- 
tance of  the  semiconductor  substrate  and  the  small  area  of  an  element  of 
the  diode  array. 

The  two  loops  of  the  model  in  Fig.  5(a)  are  assumed  coupled  only  to 
the  extent  that  the  diode  current  1^  is  given  by 

b m ■ 0) 

where  I and  I are  the  net  currents  through  the  plate  and  acoustic 
a p 

loops,  respectively.  The  complete  model  then  reduces  to  that  of  Fig.  5(b), 
where 


C + C 
a p 


C C 

— V + -2-  V 
r aw  pw 


where  is  the  plate  signal  voltage  and  is  the  acoustic  source 

voltage,  given  by  V ■ /2Z  P , where  P is  the  acoustic  power 

flW  a aw  aw 

and  Z is  the  acoustic  impedance,  which  is  shown  by  Kino  and  Reeder 

a 
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s 


to  be 


Z 

a 


2|Av/v  | e 
a 

uw(e0+ep) 


(6) 


The  expression  |Av/v  | is  the  fractional  change  in  Rayleigh  surface  wave 

a 

velocity  produced  by  a shorted  surface  and  w is  the  acoustic  beam  width. 
The  fast  diode  model  is  composed  of  a current  load 


(eqVkT 


qv  /kT 

I e 
s 


(7) 


in  parallel  with  a depletion  layer  capacitor  . For  our  purpose, 

is  defined  in  terns  of  , the  charge  in  the  diode,  given  in  the  abrupt 

depletion  layer  approximation  by 


QD  ■ V2qB»esV»  ' V2,VS<VB  - V 


CDOVB  - W V 


(8) 


where 


5 

D V (V  - vj 


(9) 


Here,  I is  the  diode  reverse  saturation  current,  q is  the  electron 
8 

charge,  k is  Boltzmann's  constant,  T is  the  temperature,  and  e 

B s 

are  the  semiconductor  doping  density  and  dielectric  constant,  VD  is  the 
built-in  junction  potential,  and  Cdq  is  the  diode  capacitance  when 

vD-°  . 
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In  the  writing  process,  charge  Is  stored  due  to  the  flow  of  diode 
conduction  current,  which  Increases  exponentially  with  the  diode  voltage. 

We  shall  assume  that  only  one  of  the  two  components  of  the  source  voltage 

V is  of  sufficient  amplitude  to  cause  a significant  conduction  current 

s 

to  flow.  This  signal  will  take  the  form  of  one  or  more  sharply  peaked 

pulses.  Most  diode  conduction  current  will  flow  near  the  tip  of  each 

peak.  Thus,  the  larger  component  of  the  source  voltage  V Is  used 

8 

purely  to  control  the  current  used  to  store  charge. 

The  second,  smaller  component  of  the  source  voltage  V is  modu- 

s 

lated  by  the  phase  and  amplitude  information  to  be  stored.  This  signal 

by  itself  is  too  small  to  cause  a significant  diode  conduction  current  to 

flow.  It  contributes  to  the  current  only  when  the  larger  signal  is  near 

a peak  and  conduction  current  is  already  flowing. 

The  circuit  model  of  Fig.  5(a)  includes  the  diode  depletion  layer 

capacitor  C_  . For  small  values  of  source  voltage  V , the  diode 
D s 

current  is  principally  displacement  current  through  this  capacitor,  and 

the  diode  voltage  V varies  nearly  linearly  with  the  source  voltage  V . 

For  large  , the  diode  conduction  current  dominates  and  the  diode 

voltage  Vp  saturates.  Only  in  this  saturation  regime  does  sufficient 

current  flow  to  completely  charge  the  circuit  with  a single  pulse.  The 

turn-on  voltage  V , defining  the  minimum  plate  pulse  voltage  V _ 
on  pu 

required  for  complete  charging,  is  reached  approximately  when  the  charge 

in  the  coupling  capacitor,  C(V  -V  ) , equals  the  diode  charge  evaluated 

s u 

at  the  diode  saturation  voltage. 

The  diode  capacitance  CQ  varies  with  the  diode  voltage  Vp  as 

_l/2 

Cp  ^ <Vfi  - VD>  . It  is  not  possible  to  include  such  a dependence  in 

an  analytic  theory.  Nevertheless,  the  diode  capacitance  Cp  remains  essen- 
tially constant  for  changes  in  diode  voltage  small  compared  to  the  built-in 
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voltage  V . This  constant  C approximation  is  valid  over  certain 
B u 

regions  of  operation.  During  the  peak  of  the  charging  pulse,  we  assume 
a value  , the  diode  capacitance  evaluated  at  the  peak  level  of 

diode  voltage,  . For  writing  with  small  signals,  the  zero  bias 

diode  capacitance  C : ^ may  be  used.  During  storage  and  readout,  the 
diode  reverse  bias  voltage  is  used  to  evaluate 

The  current  equation  for  the  simplified  model.  Fig.  4(a),  is 


dt 


<v„  - V 


IQ  «VD/kT 

+ I e 

dt  8 


(10) 


where  is  the  charge  in  the  diode  depletion  layer  capacitor 

During  charging,  the  diode  charge  is  the  sum  of  a rapidly 

varying  component  due  to  the  source  V and  a slowly  varying  component 

due  to  the  stored  charge  Q . Thus,  the  assumed  solution  to  the  charg- 

8 

ing  equation  is 

QD(t)  = C<vs-V  " Qs(t)  ' (11) 


Substitution  of  (11)  into  (10)  yields  the  explicit  equation  for  the  stored 

charge  Q in  terms  of  the  source  voltage  V . This  is  done  by  writing 
s s 

the  diode  voltage  in  terms  of  the  diode  charge  with  the  aid  of 

Eq.  (8)  and  yields 


dt 


**  1 exp 

s 


q 

CVS  + (CD  - CD0)VB  - «.] 

kTCT 

(12) 


where,  for  compactness,  we  write  C^,  = C + Cp  . 

Now  consider  the  solution  for  Eq.  (12)  when  a single  sharply  peaked 
plate  pulse  is  used  to  store  information  contained  in  a low  level  acoustic 
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signal.  The  plate  pulse  Is  assumed  parabolic  in  shape,  so  Chat  the 

source  voltage  V takes  the  fora 
8 


v8(t) 


c 

sin(u>t-  Bz)  + V 
C 


(13) 


where  t is  the  time  at  which  the  plate  pulse  vc  tage  reaches  a 

peak.  Solving  (12)  we  assume  a peak  diode  capacitance  , with 


S 


**  c + c, 


Dp 


The  stored  charge  Q is  then  given  by 

s 


kT  r . 
— C_  in 
q Tp 


V 


nq 


kTV  -CC 
pO  Tp 


t t c<^MSMCV8(,:p)+VB(CDp-CD0,!  + j 

s P 


(14) 


For  most  cases  of  interest,  the  argument  by  the  logarithm  is  much  greater 
than  unity,  and 

VT 

Q « CV  (t  ) + Vn(Cn  -Cnft)  + — C_  Zn 
s s p B Dp  DO  q Tp 

where 


I t 
s p 


uq 


kTV  -CC 


, (15) 


CV  (t  ) *=  C V sin  (wt  - Bz)  + C V . (16) 

s p a aO  p p pO 


It  is  seen  that  the  first  term  on  the  right  hand  side  of  Eq.  (15)  re- 
tains the  modulation,  VaQ  , and  spacial  phase,  Bz  , of  the  surface 
wave.  It  is  this  component  of  charge  that  gives  rise  to  the  readout  — we 

shall  name  it  the  readout  charge,  Q sin(wt  -Bz)  — given  by 

K p 

Or  ■ V,o  • (17) 
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From  (15)  and  (8) , the  diode  voltage  Is  given  by 


yo 


■ r lv.  ■ »„<t  )1  +-  (C„-C„J  - 


kT  CTp 


C„  • e B-p"  - "0  Dp'  <] 


Ji , JZ3. ZT1 
l 8 p V «cVpoJ 


(18) 


where  and  C, 


= Cp  + C are  evaluated  with  the  diode  voltage  Vp 
given  by  Eq.  (18).  The  last  term  on  the  RHS  of  (18)  gives  the  peak 
diode  voltage,  , as 


Dp 


kT  . 
in 

q 


i t 
s p 


nq 


kTCC  V „ . 
Tp  pO  J 


(19) 


The  diode  reverse  voltage  is  given  by  Eq.  (18)  with  the  source  voltage 
This  is 


V = 0 
8 


VD  = - 


V (t  ) VCn  “ Cn>  kT  CT 
s p + B Dp  D Tp 

V.  CT  CT  9 


£n 


4 


irq 


S P V kTCC  V n 
Tp  pO 


(20) 


The  turn-on  voltage  is  the  plate  voltage  V ^ required  to  saturate 


the  diode  voltage.  With  the  coupling  capacitor  charge  C(V  - V ) set  equal 

s Dp 

to  the  diode  charge  at  the  saturation  voltage  V_  [Eq.  (19)],  V is 

Dp  on 


c v o kT  c: 
v = a a0 Tp 


on 


in 


q c 


i t 
s p 


ivq 


n 


kTCC_  V „ . 
Tp  pOJ 


+ 7 (CD0  - CDp>  ' <21> 

V 

p 


T • P 

**)  Writing  Into  p-n  Junction  Diodes  with  a Single  Pulse 

The  transient  response  of  p n junction  diodes  is  now  considered  to 
show  how  the  fast  diode  model  must  be  modified  for  single  pulse  writing. 
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In  Appendix  A,  the  excess  minority  carrier  charge  density  at  the  edge 


of  the  neutral  region,  pn(0,t)  , for  times  much  shorter  than  the  minority 


carrier  lifetime  was  shown  to  be 


Pn(0.t) 


. A . _L_  / _VI> 

\ / q/nD  Jn  (t  - t) 


Kn0 


q ^J0 


,1/2 


dr 


(22) 


By  rewriting  Eq.  (22),  the  diode  voltage  is  found  to  be 


VD(t) 


1 + 


qP  rt^rD- 

Mrn0  p 


/ 


(t  - t) 


1/2 


dx 


]• 


(23) 


The  analysis  is  completely  parallel  to  the  fast  diode  case,  so  that 
the  simplified  circuit  model.  Fig.  5(b),  is  appropriate.  The  source 


voltage  Vg  is  again  given  by  Eq.  (13),  where  the  dominant  signal  is  a 


parabolic  plate  pulse  peaking  at  a time  t . We  are  here  interested 


in  the  transient  diode  characteristics,  which  are  in  response  to  the 
sharply  peaked  plate  pulse  rather  than  the  weaker  acoustic  signal. 

Since  the  voltage  drop  is  largely  across  the  coupling  capacitor  C , 
the  diode  is  driven  by  a linear  current 


dV  2CV 

c_s  E 

dt  t 


[1  - (t/t  ) 1 . 


(24) 


Substitution  of  (24)  into  (23)  gives  the  forward  diode  voltage  during 


charging, 


v*>  • + 

L 4 nO  p v J 


(25) 
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ii  <j  1 A 0 

Typical  values  are  “ 5 * 10  /cm  (10  fi-cm),  C ■ 10  F/cm  , 

— Q 2 

t - 2.5  x 10  sec,  D » 20  cm  /sec,  and  V - 100  volts  . It  is 
p p Pu 

seen  that  Vp  rapidly  climbs  to  about  0.53  volts  and  remains  essen- 
tially constant  until  t = 3tp/2  » when  VD  rapidly  drops  to  zero. 

At  this  time,  V **  ~ V . . For  t > 3t  /2  , V < 0 , and  all  diode 
8 4 pO  p U 

conduction  current  ceases  to  flow.  Thus,  we  expect  the  stored  charge  to 

be  only  75%  of  that  found  in  the  fast  diode  case. 

The  rapid  junction  response  is  due  to  holes  drifting  across  the 

“I" 

depletion  layer  from  the  p region  to  the  n region.  The  p region 
provides  an  essentially  infinite  reservoir  of  holes,  and  the  speed  of  this 
process  is  limited  by  transit  time  across  the  depletion  layer.  Not  all- 
this  charge  will  be  stored,  since  insufficient  time  has  elapsed  to  allow 
the  holes  to  diffuse  into  the  neutral  region.  The  holes  near  the  edge  of 
the  neutral  region  will  drift  back  to  the  p+  region  when  the  diode  cur- 
rent changes  sign,  at  time  t > t . This  gives  rise  to  a large  diode 

3 

reverse  current  during  the  time  interval  t < t < -r  t , during  which 

p z p 

3 

25%  of  the  stored  charge  is  lost.  For  times  beyond  -r  t , essentially 

*■  P 

no  conduction  current  flows,  resulting  in  the  retention  of  the  remaining 
75%  of  the  original  stored  charge. 

Thus,  p-n  junction  diodes  act  very  much  like  fast  diodes  in  this 
application,  turning  on  rapidly  and  reaching  nearly  the  same  peak  forward 
bias  voltage.  The  only  significant  difference  is  that  the  readout  charge 
for  the  p-n  junction  diode  is  given  by 

q£”  - 0.75  Q^ast  . (26) 
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Plate-acoustic  writing,  VpQ  « Vfl()  . This  case  is  physically 
analogous  to  single  pulse  writing,  except  that  the  diode  is  never  strongly 
forward  biased.  Thus,  the  diode  forward  current  is  low  and  several  pulses 
are  required  to  completely  charge  the  circuit.  The  stored  charge  and  diode 
voltage  are  found,  as  before,  with  the  differential  equation  (13),  except 
that  the  source  voltage  is  given  by 

C V 0 C V n 

V (t)  = ■ a 3 sin  (wt  - gz)  + — ^ P-  - sin  cot  (27) 

8 C C 

qva0/kT  qvp0/kT 

with  the  assumptions  that  e » e and  is  of  suffi- 

ciently low  amplitude  so  that  the  diode  displacement  current  greatly  exceeds 
its  conduction  current.  Reference  is  made  to  the  equivalent  circuit  model 
of  Fig.  3(b). 

Because  the  diode  is  weakly  forward  biased,  a constant  zero  bias  diode 
capacitance  Cp  = is  assumed.  The  stored  charge  is  then  given  by 


kT  ^ » 

— C_  in 
q T 


1 + { exp 


C V sin  (cot  - gz)  + C V sin  tot 
a aO  P pO 


)] 


dt , 


(28) 


The  argument  of  the  integral  in  (28)  is  sharply  peaked  when  cot  - gz  = tt/2  . 
Thus,  the  integral  is  rewritten  as 


- 68  - 


The  integral  is  now  recognized  to  be  the  zero  order  modified  Bessel 


function  of  the  first  kind, 


°(Hv)  • 


where  N is  the  number  of  rf  cycles  used  for  charging,  N ° o)t/2ir 


Thus,  (28)  is  written  as 


. ql  t / q C 

Q (t)  = — C„  in  1 + — “ I0(  ~ 

s 9 T kTCT  °\kTCT 


■)  “P(^ 


^ V n cos  8z 

kT  C,  P0  I 


The  diode  voltage  after  charging,  is  given  by 


.kTtaf1  + ^ 


X exp  I £ v . cos  8z  J 

VkTC.  P°  l\ 


The  readout  charge  is  the  component  of  the  stored  charge  Qg  with 
periodicity  cos  3z  . This  is  found  by  Fourier  expansion  of  (29)  to  be 


Q = ' C 

nq  T 


9V  /9  Ca 

cos  0 Jin  1 + I I 

kTCT  U VkT  CT 


x exp  ( ^ V n cos  ojld0  . (31) 

\kicT  p0  / J 


The  integral  (31)  is  not  easily  tractable.  For  large  t , It  has 
an  asymptotic  form  of 


«R  " VpO 


For  shorter  times,  the  readout  charge  QR  is  of  the  form 


where  I^x)  = — [IqOO] 


(32) 


QR  " 21st  Xo(w  va0  c ) h (wF  vPo  c_)  (33) 


Acoustic-acoustic  writing  (V^  » V^)  . For  the  case  of  writing 

1th  two  acoustic  signals,  V _,e^a)t 
,Val/kT  ,V  /kT 


and  va2e^  , with 


» e 


, the  analysis  follows  with  replacing  Vp0  '* 

6 QR 

with  spacial  frequency  2f3z 


Now  the  readout  charge  Q is  the  component  of  the  stored  charge  Q 

K S 


iv)  Writing  Into  p-n  Diodes  with  Low  Level  RF  Signals 

This  case  is  analogous  to  that  of  the  fast  diode.  The  circuit  model 

of  Fig.  4(b)  is  appropriate,  with  the  source  voltage  V given  by  Eq.  (27) 

8 

with  the  earlier  assumptions  applying.  It  will  now  be  convenient  to  assume 
that  the  diode  voltage  is  determined  by  the  capacitive  voltage  divider  of 
the  coupling  capacitor  C and  the  diode  capacitor  . Including  a term 
due  to  the  stored  charge  Qg  and  assuming  the  diode  capacity  remains 

constant  at  its  zero  bias  value  , the  diode  voltage  is 


vt)  - r ■ t 

T T 


(34) 
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We  apply  Eq.  (A-4)  which  allows  calculation  of  the  Increment  In 
minority  carrier  charge,  AQp  , during  one  rf  cycle  of  the  source  volt- 
age V . Since  the  current  from  the  p+  to  n regions  is  due  to 

8 

minority  carriers,  this  yields  the  increment  in  stored  charge.  Substi- 
tuting (34)  into  (A-4)  gives 

2,  (l/kTCT)(CVs(,)-Qs) 


% ' "pn0  ’V*'  f 

Jo 


(t  - t) 


1/2 


Ai  . (35) 


If  the  increment  in  charge  AQp  is  small  o that  charging  occurs  over  a 
large  number  of  rf  cycles,  then  Eq.  (35)  may  be  written  in  the  form  of  a 
differential  equation, 

2ir 


dQ  u 

— « — AQ 
dt  2n 


siv  r(<IVkTV 


2tt 


f. 


(qC/kTCT)Vg(T) 


dr 


(t  - t) 


1/2 


(36) 


Integration  of  Eq.  (36)  gives  the  stored  charge  Q as 

o 

qc 


Qs(t)  - f CT  in 


1 + 


kTC„ 


•*) 

(q  °-2.  A 

x exp  I ^ V _ cos  gz) 

\kT  C_  P°  / 


(37) 


This  result  is  identical  to  that  for  the  fast  diode  with  a saturation 

current  I of 
s 

qp.. 


— /2uD  /3' 
P 


(38) 
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Thus,  the  fast  diode  model  holds  for  p-n  Junction  diodes  when  1^  is 

14  3 

used  as  given  by  Eq.  (38).  For  a typical  value  of  ■ A. 6 x 10  /cm  , 

5 3 8 —1  2 

p _ ■ 5.6  x 10  /cm  with  u ■ 6.28  x 10  sec  , D ■ 20  cm  /sec  , 
nu  p 

-9  2 

we  find  1 “ 2.6  x 10  amps/cm  . This  is  about  100  times  smaller  than 

8 

the  Ib  for  -a  PtSi  Schottky  diode. 

v)  The  Effect  of  Conductive  Overlays 

An  overlay  may  be  modelled  as  a capacitance  in  parallel  with  the  diode 
depletion  layer  capacitor.  This  will  not  change  the  qualitative  form  of 
the  above  results,  since  the  overlay  can  only  increase  the  diode  capacity. 

3.  Reading 

The  various  modes  for  reading  the  stored  charge  pattern  are  now  con- 
sidered. In  all  cases,  the  analysis  finds  the  device  output  power  in  terms 
of  the  readout  signal  amplitude  and  the  readout  charge  . We  first  deal 
with  acoustic-to-plate  reading,  where  the  output  appears  at  the  plate  in 
response  to  an  acoustic  readout  signal.  We  then  analyze  plate-to-acoustic 
reading,  where  the  output  appears  at  one  of  the  acoustic  ports  in  response 
to  an  rf  plate  readout  signal.  Finally,  the  analysis  of  both  readout  modes 
is  modified  for  the  case  of  overlay  diodes. 

i)  Acoustic-to-plate  Readout 

Here  the  readout  signal  is  a surface  wave  propagating  under  the  diode 

array  and  the  output  power  is  measured  across  a load  resistor  connected  to 

the  plate.  The  circuit  model  used  to  calculate  the  coupling  of  the  surface 

wave  potential  <f>  to  the  diode  surface  is  seen  in  Fig.  6(a).  Here, 
sr 

<(>  •*  /2P  T , where  P is  the  readout  surface  wave  power, 

ar  ar  a ar 
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We  have  already  used  a similar  model  to  calculate  the  surface  wave 
coupling  to  the  diode  during  writing.  Now,  however,  we  completely  neglect 
the  diode  conduction  current.  The  stored  charge  tends  to  reverse  bias  the 


diode,  so  that  a very  strong  readout  potential  $ is  required  to  cause 
a conduction  current  to  flow.  It  may  be  parenthetically  noted  that  since 
the  readout  signal  does  not  affect  the  stored  charge,  the  readout  process 
is  nondestructive.  The  diode  voltage  is 


C + 
a D 


The  total  diode  charge  Qg  may  be  written  as 


Q0  + Qr  sin  (6z  + 0Q) 


where  QR  is  the  readout  charge,  0^  is  some  constant  phase,  and 
is  all  remaining  stored  charge.  will  bias  the  diode  but  cannot  contri- 

bute to  the  readout  since  it  lacks  the  proper  periodicity. 

Combining  Eqs.  (AO)  and  (8),  the  diode  capacitance  is  written  in 

terms  of  the  stored  charge  Q as 

S 

_ Q„  + Qr  sin  (Bz  + Oq)  - CD0VB 

“ <VD  - V 

« 

Substituting  (Al)  into  (39)  and  expanding,  assuming  Q„/(V  -V  ) is  small 

K v i> 

compared  to  the  other  terms,  yields  the  component  of  diode  voltage  due  to 
the  product  QR  sin^z  + O^)  * <j>ar  , , to  be 


Vqr  Sln(ez  + V 


<Ca  + CD>2 


<W 
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4>  varies  as  ^ , so  that  a component  of  the  diode  reading  voltage 

HIT 

appears  as  an  rf  potential  with  3=0  . 

The  voltage  developed  across  each  diode  couples  to  the  external  load 

resistor  through  the  plate  circuit  coupling  capacitor  , as  shown 

in  Fig.  6(b).  The  current  through  the  n^  element  of  the  diode  array, 

I , is 
n 


CP  at  <v„- V 


*-yvDr»-v 


th 


(43) 


where  Vprn  is  the  voltage  drop  across  the  n diode  and  is  the 

voltage,  drop  across  the  load  resistor  R^  . Thus,  is  given  by 

jwR-C  w6 

\ \ t,  — y.  v-<z->  <«> 


1 + juNLR^C  w6 


where  N is  the  number  of  diode  elements  per  unit  length.  For  N large, 
the  sum  goes  to  an  integral  over  the  interaction  length,  L . This  takes 
the  form  of  the  correlation  or  convolution  of  the  stored  charge  pattern  and 
the  readout  signal  amplitude.  In  the  simplest  case,  where  both  signals  are 
of  constant  amplitude,  the  device  output  power,  , is 


v2  1 

p r-  0 , 

(uNLC  RLw6)2 

Ca  War  ' 

2rl  4rl 

1 + (u>NLCpRjW6 ) 2 

L<ca+cD>2  cvB-y. 

(45) 


ii)  Plate-to-acoustlc  Reading 

We  next  consider  plate-to-acoustic  reading.  Reference  is  made  to  the 
equivalent  circuit  model  in  Fig.  7.  We  first  find  the  potential  at  the  diode 
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READING  MODE 

4>r- 

c 

m 

ACOUSTIC -TO -PLATE 

4>ar 

Ca 

PLATE -TO -ACOUSTIC 

’t’pr 

Cp 

surface  due  to  an  applied  plate  reading  signal.  This  potential  excites  a 
surface  wave,  whose  amplitude  may  be  calculated  to  obtain  the  device  output 
power. 

The  diode  voltage  VD  appears  across  the  capacitive  voltage  divider 
of  the  diode  capacitance  and  the  capacity  due  to  the  piezoelectric 

substrate,  C . For  C « C-.  , 


V * <J> 

D r V 


where  A is  the  amplitude  of  the  externally  applied  plate  readout  signal. 
Pr 

From  Eqs.  (8)  and  (9),  the  diode  stored  charge  Q is  written  in  the  form 

s 

2 

«.  • Q0  + Qa  • CD0VB  • <47) 

D 

We  are  primarily  interested  in  the  component  of  the  diode  surface  poten- 
tial that  varies  as  cos(wt  ± 8z)  . This  corresponds  to  the  first  space 

harmonic  component  of  the  potential  of  the  excited  surface  wave  as  seen  at 

+ 

the  surface  of  the  diode.  This  potential,  V“  , is 


2ET  *ar  QR  COs(ut  1 *Zr?  SlnC  T * 


2CD0  VB 


where  is  the  position  of  the  n diode.  The  term  sine (86/2)  is  due 

to  the  averaging  of  the  potential  over  the  finite  diode  width  6 . The  ± in 

the  argument  of  the  cosine  arises  because  both  forward  (-)  and  backward  (+) 
surface  waves  are  excited. 


The  amplitude  of  the  surface  wave  excited  by  the  diode  surface  potential 
V”r  is  found  using  the  normal  mode  theory  of  Kino  and  Auld  [ ) . From 
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Eq.  (31)  of  this  reference  It  may  be  shown  that 


fr+je  - — §-1—  (49) 

3z  4PX 

where  w Is  the  acoustic  beam  width,  p Is  the  semiconductor  surface 

s 

charge,  and  the  rf  potential  due  to  the  propagating  acoustic  wave  is 

4 • ad>,  where  P,  » d>*d>,  /2z  . P,  is  the  power  per  unit  width  of 

a T1  1 Y1T1  a 1 

the  surface  wave  and  Z the  acoustic  impedance,  is  defined  in  Eq.  (4). 

a 

The  total  rf  potential  is  = $ + * , where  <|>  is  the  sum  of  the 

as  s 

contributions  other  than  the  fundamental  acoustic  surface  wave  mode. 

Kino  and  Reeder  [11]  define  the  relationship  between  <f>  ,p  , and  the 

s s 

acoustic  coupling  capacitor  C as 

a 


*s/C. 


Equation  (49)  now  reduces  to 


+ j(3  + Y^a  = j Y <f>  » 


where 


uvC  Z 
a a 


represents  the  perturbation  on  the  surface  wave  propagation  constant  3 


due  to  the  presence  of  the  diode  array.  Assuming  a solution 


*a(z)  “ V 


+j(B+Y)(z'+z) 
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Eq.  (42)  may  be  integrated  to  give  the  potential  of  the  fundamental  acoustic 
mode: 


4>a(z,w)  = jy  /♦  ej(e+Y)(z'+z)  dz, 


(53) 


By  Fourier  transforming  Eq.  (53),  assuming  the  propagation  constant  (3+y) 

is  constant  in  frequency.  The  potential  <J>  as  a function  of  time  is  seen 

Si 

to  be 


4»a(z,t)  = j Y /(z'.t  ~ 1 


ejYZ'  dz' 


(54) 


V“a  * the  potential  at  the  surface  of  each  diode  element,  is  not  con- 

• + . . 

tinuous.  By  using  Floquet  s theorem,  V^fz^)  can  be  written  in  the  form 


Vpr(zn)  = e~^z  V (z)  , 


(55) 


where 


V(z)  = (5/i)VDr0  ^ sin  ( ~ ) ej(2TTn/i)[z+(6/«.)]  (56) 


n=-» 


S/t,  is  the  ratio  of  diode  element  width  to  the  periodicity  of  the  diode 
array.  Retaining  only  the  n = 0 term  of  (45)  yields  the  result 


VDr^Z,0  = <f>(z,t)  = (6/i)vDr0  e~^Z  . (57) 


If  it  is  assumed  that  the  original  acoustic  surface  wave  was  perturbed 
by  the  presence  of  the  semiconductor,  so  that  its  wavenumber  was  B + y » 
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J 


Eq.  (54)  yields  the  potential  of  the  excited  acoustic  surface  wave: 


♦a  - jYe’jYZ  (d/l)/VDr0  eJ(a)t‘ez)  dz'  - jy(6/J t)  e"jYZ  e 


,”Jyz  j(wt-0z) 


The  output  power  is  ~2j?~  » 80  that  combining  Eqs.  (58)  and  (39) 

a 

yields  the  device  output  power  Pq  for  a constant  amplitude  rf  plate 

readout  signal  <p  and  stored  readout  charge  Q , with  a diode 
pr  k 

array  length  L : 


1 \yu}: 

IZ  £ 
a L J 


$6  1 2 


2 

2C  V 
DO  B 


iii)  Reading  With  Overlay  Diodes 

Finally,  we  consider  the  effect  of  conductive  overlays  on  the  above 
results.  Overlays  are  in  general  used  to  increase  the  effective  area  of 
the  diodes  by  making  ohmic  contact  to  the  diodes  while  covering,  and 
hence  shielding,  a laige  part  of  the  adjacent  semiconductor  area.  They 
are  insulated  from  the  semiconductor  bulk  by  a thin  layer  of  Si02»  thereby 
adding  a large  MOS  capacitor  in  parallel  with  Cp  . Thermally  oxidized  Si 
is  usually  accumulated  at  the  surface,  so  that  the  typical  flatband  voltage 
shift  *v»  1.5  volts  causes  the  MOS  overlay  capacitance  to  nearly  equal  the 
SiOj  capacitance  for  most  levels  of  reading  signals.  If  this  is  not  the 
case,  the  overlay  itself  will  contribute  to  the  readout  signal,  and  analytic 
results  are  not  easily  obtained. 
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Changes  in  the  readout  analysis  arise  because  most  of  the  stored 
charge  resides  in  the  static  overlay  capacitor,  where  it  cannot  contri- 
bute to  the  readout.  A single  circuit  model,  shown  in  Fig.  8,  is  appli- 
cable to  both  plate  and  acoustic  readout.  Here,  the  capacitor  and 

reading  signal  $ ^ represent  and  for  plate-to-acoustic 

reading,  and  C and  <{>  for  acoustic-to-plate  reading.  In  both  cases, 
d HIT 

C + » C , where  C is  the  overlay  capacity,  so  that  the  diode 

ov  D r ov 


voltage  is 


VD  " 


C c / c \ 

— — (J)  ~ — (l  + — w 

+ c„r  c \ c / 1 


The  fraction  of  the  readout  charge  Q residing  in  the  diode  capacity 

K 


CD  ’ QRD  * iS 


A [CD(VD-V  + Vs' 

*0  CovVD 


where  A is  the  overlay  area  and  A^  is  the  diode  area.  Substituting  the 
diode  capacitance  in  the  form  of  Eq.  (41)  gives  , the  component 

of  diode  voltage  contributing  to  the  readout 


WV  V + cdoV  . , 

Q <f> 

C V (V  - V ) 
ov  D'  D W 


Combining  (51)  with  the  earlier  analysis  yields,  the  output  power  for 


acoustic-to-plate  reading  is 


(ioNEC  RjWfi) 
l + (wNLC  RjWS) 


][w,»-vtv.1 

!Jl  CovWV 


Q_  <f> 
Tar 
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The  output  power  for  plate-to-acoustic  reading  is: 


. M2  rvvyy+w  Q t 

22«l  ' J 1-  covVVV  R 


Comparison  to  Experiment 


We  now  consider  experimental  verification  of  the  theory.  Table  II 
summarizes  the  various  writing  and  reading  modes  and  device  structures 
used  in  the  experiments.  The  p"*"n  junction  diode  results  were  obtained 
in  our  own  laboratory.  The  Schottky  diode  results  have  been  previously 
reported  by  Ingebrigtsen  [ ] . 

Figure  9 shows  the  two  diode  structures;  in  both  cases  interactions 
from  the  interdiode  region  are  minimized.  In  the  mesa  structure  of  Fig. 
9(a),  this  region  has  simply  been  etched  away.  Such  a structure  also 
provides  excellent  isolation  between  adjacent  diodes. 

The  conductive  overlays,  shown  in  Fig.  9(b),  shield  the  interdiode 
region  from  surface  wave  fields.  As  discussed  earlier,  such  overlays  put 
a large  MOS  capacitor  in  parallel  with  the  diode.  When  the  silicon  sur- 
face is  accumulated,  this  capacitor  is  static  and  does  not  contribute  to 
writing  or  reading.  The  flatband  voltage  shift  for  the  particular  device 
discussed  here  is  ^ 1.5  volts  [ ].  Thus,  the  overlay  capacitor  is  always 

static  in  writing,  and  only  contributes  to  readout  for  high  levels  of  either 
the  readout  signal  or  reverse  bias  diode  voltage  due  to  the  stored  charge. 
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i)  p n Junction  Diodes,  Acoustic-Platc  Writing  with  a Single 
Pulse,  Plate-to-Acoustic  Reading 

Figure  10  shows  the  output  power  as  a function  of  plate  pulse  height 
for  the  device  whose  parameters  are  summarized  in  Table  II,  column  1.  The 
theoretical  output  is  also  plotted  with  no  adjustment  of  parameters,  begin- 
ning at  the  theoretical  turn-on  voltage,  VQn  . The  fast  diode  model  was 
employed  in  conjunction  with  a -2.5  dB  correction  due  to  the  use  of  p+n 
diodes. 

The  output  power  climbs  rapidly  and  then  saturates  near  the  predicted 

turn-on  voltage,  VQn  . The  theory  accurately  predicts  both  the  turn-on 

voltage  V and  the  output  power, 
on 

We  have  also  observed  the  turn-on  voltage  V to  be  independent  of 

temperature  [ ].  This,  too,  is  consistent  with  the  predicted  diode  voltage 

2 

V_  given  in  Eq.  (25),  since  1/p  n n.  exp  (E  /kT)  , where  n,  is  the 
D nu  i g I 

intrinsic  carrier  concentration  and  E is  the  bandgap  energy. 

6 

We  thus  conclude  that  ^ n diodes  perform  very  much  like  fast  diodes, 
and  that’  they  can  be  completely  charged  in  times  on  the  order  of  a few  nano- 
seconds. The  charging  process  involves  minority  carriers  drifting  across 
the  depletion  region  rather  than  generation  or  recombination,  and  hence  is 
essentially  independent  of  the  storage  process.  By  employing  p+n  diodes, 
it  is  thus  possible  to  demonstrate  a device  that  charges  in  nanoseconds  and 
stores  for  seconds.  We  have,  in  fact,  shown  this  at  low  temperatures  [ ]. 

The  output  drops  when  the  plate  pulse  voltage  increases  beyond  the 
turn-on  voltage  . This  is  because  the  perturbation  presented  to  the 

surface  wave  by  the  diode  array  is  a weak  function  of  the  diode  capacity. 
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OUTPUT  (dBm) 


^ 

OUTPUT  vs  PLATE  PULSE  HEIGHT 

PQ  = 15  dBm 

5 nsec  PULSE 

108  MHz,  4.5^sec  PULSES 


1 


and,  hence,  stored  charge.  Thus,  the  surface  wave  propagation  constant 
differs  for  the  writing  and  reading  processes.  This  phase  mismatch  re- 
duces the  correlation  output.  The  effect  is  discussed  in  more  detail 
in  Appendix  B.  Propagation  loss  is  experimentally  observed  to  increase 
slightly  with  respect  to  stored  charge,  accounting  for  about  1 dB  addi- 
tional loss  for  a plate  pulse  voltage  of  350  volts.  Both  the  phase 

mismatch  and  propagation  loss  effects  have  been  added  to  the  theoretical 
curves  of  Fig.  10. 

Figure  11  shows  the  output  power  as  a function  of  the  readout  signal 
voltage  for  various  levels  of  the  input  acoustic  power,  P . Agreement 

c 1 

is  good  until  P reaches  25  dBm,  when  saturation  effects  occur.  The 

d 

thermal  noise  floor  is  'v  -90  dBm,  so  that  the  predicted  linear  dynamic 
range  at  the  output  with  respect  to  the  readout  signal  is  60  dB.  The 
experiment  verifies  ^ 35  dB  of  this.  The  bottom  25  dB  are  lost  due  to 
amplifier  feedthrough  noise  that  could  be  gated  out. 

ii)  Overlay  PtSi  Schottky  Diodes,  Acoustic-Plate  Writing  with  a 
Single  Pulse,  Acoustic-to-Plate  Reading 

Figures  12  and  13  show  the  dependence  of  the  output  power  on  the 
writing  and  reading  acoustic  signal  powers  for  the  device  whose  parameters 
are  summarized  in  Table  II,  column  3.  Here,  the  fast  diode  model  alone  was 
used.  The  only  adjustable  parameter  was  the  insertion  loss,  which  had  not 
been  reported.  A one-way  loss  of  8 dB  was  assumed. 

The  theory  and  experiment  diverge  for  writing  signal  powers  £ 30  dBm. 
At  these  levels,  the  acoustic  potential  becomes  appreciable  compared  to  the 
plate  pulse  amplitude  and  the  small  acoustic  signal  assumption  breaks  down. 


OUTPUT  vs  PLATE  READING  SIGNAL 
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Such  large  acoustic  potentials  may  also  give  rise  to  interdiode  currents. 
Vhile  the  result  of  such  effects  is  not  easily  predictable,  we  expect  them 
to  cause  a breakdown  of  our  theory. 


1 

The  divergence  of  theory  and  experiment  for  reading  signal  powers 
i 10  dBm  may  be  due  to  output  contributions  from  the  HOS  overlays.  This 
would  increase  the  output,  as  is  observed. 

ill)  2JQ_  Diodes,  Acoustic-Plate  Writing  with  rf  Signals,  Plate-to- 
Acoustic  Reading 

Figures  14  and  15  show  the  output  power  as  a function  of  acoustic 
writing  pulse  length,  and,  hence,  charging  time,  for  devices  whose  parame- 
ters are  summarized  in  Table  II,  column  2.  The  device  used  to  obtain  Fig.  14 
had  an  unpassivated  V-groove  mesa  diode  array  with  a relatively  short  3 dB 
storage  time  of  only  600  psec.  This  was  probably  due  to  surface  contamina- 
tion on  the  walls  of  the  V-grooves.  The  presence  of  short  lifetime  surface 
t recombination  centers  will  also  contribute  to  the  diode  charging  currents. 

Theoretical  predictions  with  an  assumed  saturation  current  I = 1.7  x 10  ^ 

2 

a/cm  give  a good  fit  to  the  observed  characteristics  for  acoustic  powers 
$ 17  dBm.  Above  this  power  level,  the  assumptions  of  constant  diode  capacity 
and  slow  charging  break  down. 

Also  shown  Is  the  time  when  the  linear  approximation  to  the  stored  charge, 
given  by  Eq.  (33),  becomes  inaccurate.  This  occurs  at  an  output  power 
Pq  *v  -55  dBm,  about  40  dBm  above  the  thermal  noise  floor.  Over  this  range, 
it  would  be  possible  to  linearly  correlate  input  signals  during  the  writing 
process  [ ] . 
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CHARGING  TIME  (msec) 


The  device  used  to  obtain  Fig.  15  had  a SIO^  passivated  V-groove  mesa 

diode  array  with  a 3 dB  storage  time  of  35  msec.  Also  shown  is  the  theo- 

-9  2 

retical  output  with  a saturation  current  I * 3.1  x 10  a/cm  , given 

8 

by  substitution  into  Eq.  (38)  and  no  adjustment  of  parameters.  The  shapes 
of  the  two  curves  near  the  onset  of  saturation  compare  well,  supporting 
the  saturation  current  prediction. 

In  this  particular  case,  the  linear  charging  time  Is  about  1 msec. 

The  bandwidth  was  7.3  MHz,  so  that  a linear  input  corelation  with  a 40  dB 
dynamic  range  and  time-bandwidth  product  of  7,300  is  possible. 


5.  Conclusions 


We  now  consider  the  relative  performance  of  the  various  structures 
and  modes  of  operation. 

VJith  respect  to  the  use  of  either  slow  writing  with  low  level  rf 
signals  or,  alternately,  fast  writing  with  a plate  voltage  spike,  it  is 

seen  that  the  maximum  output  power  available  is  proportional  to  the  square 

2 2 
of  the  readout  charge,  Q ~ (CV  ) for  slow  writing  and  Q_  *=  (CV  ) 

D po  K ao 

for  fast  writing.  Since  it  is  possible  to  have  V , the  modes  are 

po  ao 

essentially  equivalent  in  this  respect.  Thus,  a choice  between  the  two  would 
depend  largely  on  the  intended  application. 

Comparison  of  Eqs.  (45)  and  (59)  yields  the  relative  efficiency  of 
acoustic-to-plate  vs  plate-to-acoustic  reading 


Comparison  of  Eqs.  (63)  and  (64)  yields  the  same  result  for  overlay 
diodes. 

Typically,  the  Z&  > . Because  of  the  onset  of  nonlinear 

responses  both  in  the  piezoelectric  substrate  and  the  semiconductor, 
the  maximum  acoustic  reading  signal  amplitude  A is  typically  an 

ol 

order  of  magnitude  lower  than  the  maximum  plate  reading  signal  amplitude 

. Furthermore,  the  plate  electrode  presents  a capacitive  load.  It 
is  thus  possible  to  obtain  a large  plate  reading  signal  amplitude  with 
external  matching  while  retaining  a bandwidth  comparable  to  the  trans- 

I 1 

ducer  limited  bandwidth  of  an  acoustic  reading  signal.  For  these  rea- 
sons, plate-to-acoustic  reading  is  more  efficient,  although,  once  again, 
specific  design  constraints  may  dictate  the  choice  of  reading  mode. 

Overlays  increase  the  storage  time  by  decreasing  the  leakage  cur- 
rent per  unit  area.  They  also  enhance  efficiency  by  increasing  the 
effective  diode  array  area.  However,  a considerable  reduction  in 
reading  efficiency  arises  because  the  readout  charge  stored  in  the 
static  overlay  capacity  cannot  contribute  to  readout.  Ip  practice,  low 
leakage,  high  density  p-n  diode  arrays  can  offer  long  storage  times 
and  good  coverage  of  the  array  area  without  the  need  of  large  area  over- 
lays. Surface  leakage  and  isolation  problems  may  be  averted  either 
through  the  use  of  a mesa  structure  or  small  area  junction  shielding 
overlays . 

The  performance  of  p-n  junction  and  Schottky  diodes  is  seen  to  be 
essentially  equivalent  for  writing  with  a plate  voltage  spike.  The  signi- 
ficantly lower  reverse  leakage  current  allows  a p-n  diode  array  to  store 
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a signal  for  a far  longer  time.  Thus,  p-n  diodes  offer  a larger  ratio 


of  storage  to  writing  time.  We  have  experimentally  demonstrated  and  re- 


ported this  elsewhere  [15]. 


With  low  level  signals,  p n diodes  can  be  charged  over  longer 


periods  due  to  their  lower  saturation  current  Ig  . This  is  of  value 


in  performing  correlations  during  the  writing  process  [16], [17]. 


Finally,  we  compare  the  storage  correlator  to  the  acoustoelectric 


convolver  [ ].  The  convolver  is  essentially  a storage  correlator  without 


storage.  Both  devices  have  the  same  structure;  the  convolver  provides  a 


real  time  convolution  of  two  opposite  traveling  acoustic  surface  waves. 


It  has  been  conjectured  that  the  two  devices  have  equivalent  efficiencies. 


This  may  be  confirmed  by  defining  an  efficiency  for  reading  mode  (a) 

SC 


m p 

aw  ar 


HH 

\c  + c J 


2 sinc2(B6/2) 


<vv 


where  a. value  of  the  load  resistor  is  assumed  that  gives  the  peak 


output  power,  IL  = (wNLC  w6)  , the  readout  charge  is  Q = C V , 

L p K 3 a 


the  acoustic  writing  potential  = /2Z  P , and  the  acoustic  reading 


potential  6 * /2Z  P , so  that  P and  P are  the  powers  of  the 

r Yar  aar  aw  ar 


acoustic  writing  and  reading  signals,  respectively.  An  equivalent  effi- 


ciency for  the  convolver,  , has  been  shown  by  Joly  [18]  to  be: 


(Ca/CD0)2  sinc2((S6/2) 


'2PalPa2 


2/2  [l+(Ca/CD)]3  vB 


where  P ^ and  P^  are  the  powers  of  the  two  opposite  propagating  acous- 


tic surface  waves  and  is  the  device  output  voltage.  Equations  (66) 
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Usually,  C » C , and  the  efficiencies  of  the  two  devices  are  essen' 
D fl 

tially  equivalent. 

The  authors  wish  to  thank  John  Cafarella  of  Lincoln  Laboratories 
and  Hsing  Tuan  for  their  helpful  comments  and  advice,  and  Robert  Joly 
for  his  help  in  characterizing  our  experimental  device. 


Appendix  A:  Diffusion  Equation  Solutions 


In  this  appendix  we  solve  the  p-n  junction  diode  minority  carrier 
diffusion  equation  to  obtain  forms  for  the  excess  neutral  region  minority 
carrier  charge  in  terms  of  either  the  diode  current  or  diode  voltage. 

The  diffusion  equation  is 


dp  dp 

P dx2  dt 


n 


(A-l) 


subject  to  the  boundary  conditions 


qvD/kT 

Pn(0,t)  18  pn0  (e  ' 1} 


pn(x,°)  * 0 


Pn(“,t)  *=  0 , 


(A-2a) 

(A-2b) 

(A-2c) 


where  p(x,t)  is  the  excess  neutral  region  minority  carrier  charge, 

PnQ  is  the  minority  carrier  concentration  at  equilibrium,  Vp(t)  Is 
the  junction  voltage,  is  the  minority  carrier  diffusion  constant, 

and  is  the  minority  carrier  lifetime. 

The  use  of  Laplace  transforms  allows  the  direct  solution  of  (A-l) , 
yielding  the  result 


t-T 


Pn(*.t) 


r P (0,t)  e *Dp(t-T^  e Tp 
I — ^ dT 


(A-3) 


(t  - t) 
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Appendix  B:  Output  Reduction  due  to  Phase  Mismatching 


It  has  been  assumed  that  the  propagation  constant  g + Y under  the 
diode  array  is  constant  for  both  reading  and  writing.  This  Is  not  strictly 
true,  since  the  diode  capacitance  differs  in  each  operation. 

Consider,  for  example,  acoustic-plate  writing  with  a single  plate 
pulse  and  acoustic-to-plate  readout.  As  the  writing  surface  wave  propa- 
gates under  the  diode  array,  since  no  charge  is  stored,  the  capacity  of 
each  array  element  is  the  zero  bias  diode  capacity  . Due  to  stored 

charge,  after  writing  the  capacity  of  each  diode  array  element  has  changed 
to  CD  , with  CD  f . The  surface  impedance  of  the  charged  and  un- 

charged diode  arrays  differ;  as  a result,  the  propagation  constants  also 
differ. 

Let  us  suppose  the  propagation  constant  for  writing  is  3 + Y 
and  for  reading  g + y + Ag  . The  correlation  integral  over  the  full 
array  length  L takes  the  form 


L/2f 


/ 

-L/2f 


-j(e+Y)z  j (g+Y+Ag) (z-v  t) 
e e dz 


6inc 


AgL 

2f 


> 


(B-l) 


where  v is  the  acoustic  propagation  velocity  and  f is  a filling  factor 
a 

to  account  for  the  diodes  covering  less  than  the  full  diode  array  length. 

We  may  explicitly  calculate  the  change  in  propagation  constant  between 
writing  and  reading,  Ag  , from  the  Rayleigh  wave  amplifier  theory  of  Kino 
and  Reeder,  Eq.  (21), 


1 


Y 


M(gh)  g wZ  (gh) 
a a 

go»co  e2  - b2  . 


(B-2) 


- 100  - 


r-'V 


with 


c_  + c tanh  ph 

M(3h)  ■»  — E , (B-3) 

(en+  e ) (1  + tanh  3h) 

0 p 

where  3 and  3 are  the  perturbed  and  unperturbed  acoustic  surface  wave 

a 

propagation  constants,  respectively,  Y is  the  semiconductor  admittance, 
Yq  ■ JwCq3  is  the  admittance  of  free  space,  and  all  other  quantities  have 
been  defined  previously. 

We  set 

Y"  = jwCD  » Y Q . (B-4) 

Assuming  small  perturbations,  (B-2)  is  rearranged  to  give 


i 


(3  - 3 ) oiwZ 

a a 


(B-5) 


where  we  have  set  C = e 3/M(3h)  , essentially  as  in  Eq.  (1).  It  is 

d u 

noted  when  C <<  C , as  is  usually  true,  3 - B = Y , in  agreement  with 

8L  U cl 

Eq.  (52). 

We  suppose  a diode  capacitance  of  C^q  for  writing  and  Cp  for 
reading,  with  Cp  < C ^ . Then,  from  Eq.  (B-5),  the  difference  in  propa- 

gation constant  between  writing  and  reading,  A3  , is  given  by 


A3 


■[— ; — 1 

l1  ‘ W 1 ' wJ 


(B-6) 


We  have  experimentally  observed  the  phase  shift  due  to  A3 
The  device  described  in  Table  II,  column  1,  was  pulsed  with  a 230  V,  5 nsec 
plate  pulse  and  the  change  in  propagation  delay  under  the  diode  array  was 


t 
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measured.  Figure  16  shows  the  observed  3.5  nsec  delay  of  the  108  MHz  rf 

signal  that  has  propagated  under  the  5 ysec  long  diode  array.  This  delay 

is  consistent  with  a filling  factor  f of  1.26. 

2 

The  sine  (A&L/2f)  output  power  reduction  due  to  phase  mismatching 
is  plotted  as  a function  of  plate  pulse  amplitude  in  Fig.  16.  Also 

shown  is  the  experimentally  observed  drop  in  output  power  with  respect  to 
the  plate  pulse  amplitude  V ^ . This  is  copied  directly  from  Fig.  10. 
Adding  the  experimentally  observed  increase  in  propagation  loss  with 
respect  to  V „ accounts  for  most  of  the  measured  drop  in  output  power 

po 

with  respect  to  the  plate  pulse  amplitude  V ^ . 
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AN  ANALYTIC  THEORY  Lull  THE  STORAGE  CORRELATOR 


P.  G.  Borden  and  C.  S.  Kino 
Eduard  L.  Clnzton  laboratory 
Stanford  University 
Stanford,  California  94303 


ABSTRACT.  We  describe  a comprehensive  analytic  theory  for  the  storage  correlator  that  accurately 
describes  the  performance  of  must  device  configurations  in  most  modes  of  operation.  The  theory  employs 
a fast  diode  model  in  the  case  of  the  Schottky  diodes.  P-n  junction  diodes  are  considered  by  solving 
the  minority  carrier  diffusion  equation.  We  analyze  both  the  pulse  and  parametric  readin  modes  and  the 
acoustic  and  top-plate  readout  modes,  and  compare  our  results  to  experiment. 


I.  Introduction 

The  diode  storage  correlator  is  an  acoustoelec- 
tric device  capable  of  correlating  or  convolvingj^ 
broadband  signals  with  a stored  reference  signal. 

Since  the  first  demonstration  of  principle,  the  diode 
acoustoelectric  storage  correlator  has  undergone  con- 
siderable development.  The  full  potential  of  the  de- 
vice as  a signal  processor  and  imager  is  now  being 
explored,  and  it  is  evident  that  a number  of  real  sys- 
tems applications  will  soon  evolve.  The  design  of  the 
storage  correlators  for  specifi'-  applications  will,  of 
course,  require  a complete  understanding  of  the  device. 
Toward  this  end,  we  have  formulated  a complete  analytic 
theory  of  operation,  giving  accurate  predictions  of 
performance. The  theory  features  simple,  easy  to 
use  results  that  may  be  readily  adapted  for  most  vari- 
ations of  device  structure  or  operation. 


equivalent  circuit  model  of  Fig.  1(c).  The  diode  is 
regarded  as  a single  element  of  the  array  excited 
through  a capacitance  C . The  effective  coupling  cap- 
acitance C can  be  shown  to  be 


C •=  C + C 
a p 

and  the  effective  source  voltage  Vg  to  be 


V 

s 


c c 

— V +JV 

c a c p 


Cl) 


(2) 


The  coupling  of  the  surface  wave  to  the  diode  is  de- 
scribed by  the  capacitor  C and  acoustic  potential 

V , where  a 

a 

V *=  /2F  Z (3) 

a a a 


Here  we  summarize  this  theory,  with  full  results 
to  be  reported  elsewhere.**  First,  the  device  opera- 
tion is  described  qualitatively.  The  circuit  models 
and  analytic  results  are  then  given  for  both  the  writ- 
ing and  reading  processes.  Finally,  we  present  experi- 
mental verification  and  some  conclusions  about  the 
relative  performance  of  the  various  device  structures 
and  modes  of  operation . 


II.  The  Principle  of  Operation  of  the 
Storage  Correlator 

The  storage  correlator  is  an  acoustoelectric  de- 
vice consisting  of  an  array  of  semiconductor  diodes 
spaced  a few  hundred  nanometers  above  a piezoelectric 
acoustic  surface  wave  delay  line  (Fig.  1).  It  is  a 
three-port  device,  with  interdigital  acoustic  surface 
wave  transducers  L and  R at  each  end  of  the  delay 
line,  and  a single  terminal  T consisting  of  a con- 
tact to  the  back  of  the  diode  array  and  a ground  plane 
on  the  back  of  the  piezoelectric  delay  line.  This 
terminal  T is  often  called  the  "top  plate."  It  will 
be  noted  that  no  direct  connection  is  made  to  individ- 
ual diodes  in  this  configuration.  A signal  may  be 
written  into  the  diode  array,  in  the  form  of  a spa- 
tially varying  charge  pattern,  through  the  interaction 
of  inputs  from  any  two  ports.  Readout  is  obtained  at 
the  top  plate  (T)  due  to  the  interaction  of  the  stored 
charge  pattern  and  an  acoustic  reading  signal.  Alter- 
nately, an  acoustic  readout  may  be  obtained  in  response 
to  a reading  signal,  applied  to  the  top  plate. 

With  reference  to  Fig.  1,  we  can  understand  the 
basic  principles  of  operation.  The  rf  signal  to  be 
stored,  F(t)e-1“t  . is  used  to  excite  a traveling 
acoustic  surface  wave  that  propagates  under  the  diode 
array.  Because  the  line  is  peizoeloctric,  electric 
fields  accompany  the  surface  wave,  decaying  exponen- 
tially into  the  space  above  the  delay  line.  These 
fields  terminate  on  individual  diodes,  giving  rise  to 
a potential  drop  across  their  depletion  regions. 

These  diode  potentials  may  he  sampled  by  using 
the  devices  essentially  an  switches.  Consider  the 


P is  the  acoustic  power  flow  per  unit  width  and  Z 
is  the  acoustic  impedance  defined  by  the  relation  a 

2 | Av/v  |e_2Bh 

Za  « 5 . (4) 

•*(e0  + CPa) 

Here  h is  the  airgap  thickness,  6 is  the  propaga- 
tion constant,  |iv/va)  the  fractional  change  in  Ray- 
leigh surface  wave  velocity  produced  by  a short  cir- 
cuited surface,  u the  frequency,  w the  beam  width, 
and  Eg  and  Epa  the  effective  dielectric  constants 
of  air  and  the  delay  line  respectively.  For  YZ  - 
UNbOj  , epa  = 50.2  . Typically,  b « 3000  8 , 
a)  = 100  MHz  x 2n  , w = 1 mm  , Za  = 140  fl  , Bh  = 0.06  . 

The  capacitor  Cg  is  given  by  the  relation 

(cn+e  )(l-i  tanh  Bh)  sin(BS/2) 

— E3 {5) 

E0+Epa  tan*’  6h  - 66/2 

Here,  6 is  the  diode  element  width. 

The  coupling  of  the  top  plate  signal  to  the  diode 
is  described  by  the  capacitor  Cp  and  applied  poten- 
tial Vp  , with  Cp  = tyy/d  where  d is  the  delay 
line  thickness  and  e- „ is  the  delay  line  dielectric 

constant  for  YZ  - LiNbO,,  c = 70  . 

3 yy 

Now  suppose  the  source  is  a voltage  pulse  Vp  ap- 
plied at  a time  t = tp  , where  the  pulse  is  of  suffi- 
cient amplitude  to  strongly  forward  bias  the  diode, 
which  then  acts  like  a closed  switch.  The  operation  is 
that  of  a sample  and  hold  circuit,  which  samples  the 
acoustic  wave  signal  passing  underneath  the  diode  at  the 
time  tp  . Suppose  the  voltage  applied  by  the  acoustic 
wave  is  of  the  form 

Va  “ va0  sin(wt-  Bz)  (6) 

where  fl  is  the  applied  voltage  due  to  the  acoustic 
wave.  Then  after  the  pulse  voltage  <Jrops  to  zero,  the 
capacitors  retain  a charge  due  Lo  the  acoustic  wave  of 
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r.ho  form 


Q - CV  - C V +C  V - Sin  (lot  - Bz)  - Q„  + Q„  (7) 

^ appOaoO  P PK 

where  QR  Is  the  opaclnlly  varying  component  of  Q . 

Once  the  pulse  voltage  drops  to  zero,  the  diode 
Is  reverse  biased  and  acts  like  a varactor. 

i 

If  we  suppose  that  Cp  <<  Cp  , the  capacitance  of 
| the  diode,  we  can  write,  In  general,  that  Q a Qp 
where  Qp  is  the  diode  charge,  given  by  the  relation 

i 

% - V2qVsvB  - V2qv.(vv 


CDOVB  - vv  v 


CD  - 


Cs/(VV 


Is  the  built-in  voltage  of  the  diode, 

, c its  dielectric  constant,  Cp  Its 
al  clpaclty  and  Cp,,  its  capacity  when 


its  doping,  c its  diele 
large  signal  capacity  and 
Vp  » 0 , with  Qpo  = Cpo'J 

conditions,  where  V is 


Cdo^b  • Under  reverse  biased 
is  negative,  we  can  write 


^DO  " % 


so  the  spatially  varying  component  of  1/Cp  is 
Qp/Qp0CpQ  . On  readout  we  apply  a voltage  i>pg  sin  wt 
to  the  plate  as  shown  in  Fig.  3.  This  in  turn  develops 
a voltage  across  the  diode  capacitance  of  value 


0 ♦pRSinwt 


So  from  Eqs.  (10)  and  (11)  the  spatially  V varying 
voltage  component  developed  at  the  diodes  is  of  the 
form 

C C V -4>  sin(wt  - Bz)sin  rnt 
„ _ t>  a aC iPR p .... 


We  note  that  this  voltage  is  independent  of  the  origi- 
nal pulse  voltage  applied,  but  is  linearly  propor- 
tional to  the  acoustic  signal  read  into  the  device  as 


well  as  the  readout  signal 


It  has  the  same 


frequency  variation  as  the  input  signal  and  two  compo- 
nents of  spatial  variation  ±Bz  . These  correspond  to 
both  forward  and  backward  propagating  acoustic  surface 


Thus  the  principle  of  operation  on  reading  is  to 
use  the  diodes  as  sample  and  hold  circuits  which  re- 
tain charge.  On  readout  the  spatial  variation  of  the 
capacitances  of  the  diodes  due  to  the  retained  charge 
is  such  that  a readout  voltage  applied  to  the  plate 
excites  the  diodes  with  the  same  spatial  variation. 
This  in  turn  excites  forward  and  backward  propagating 
waves,  whose  amplitudes  can  be  determined  by  normal 
mode  theory. 

Til.  Detailed  Analysis  of  the  Writing  Process 

A more  complete  analysis  of  the  reading  proces- 
ses has  been  carried  out  for  the  following  situations: 

(a)  Fast  charging.  This  is  the  case  described 
in  the  previous  seel  Ion.  A single  sampling  pulse  is 
used  to  fully  charge  the  device. * >7, 3 


(b)  Slow  charging.  Here,  the  sampling  pulse  is 
of  insufficient  amplitude  to  strongly  forward  bias  the 
diodes,  and  a single  pulse  ullows  only  a small  amount 
of  charge  to  be  stored.  By  employing  a long  train  of 
pulses,  however,  the  device  may  be  fully  charged.  ■**■*•  ^ 

The  device  structures  considered  are: 

(a)  Fast  diodes.  A fast  diode  such  as  a Schottky 
diode  is  a device  that  responds  to  all  applies  signals 
with  an  I-V  characteristic  of  the  form 

qV/nkT 

I - I (e  “ - 1)  , 

a 

independent  of  frequency  at  least  in  the  range  of  in- 
terest. Here,  ls  is  the  saturation  current  and  Vp 
is  the  diode  voltage. 7 >7 

(b)  p+n  - Junction  diodes.  p+n  diodes  do  not, 
in  general,  behave  like  fast  diodes  at  the  typical 
frequencies  of  operation  used.  We  have  solved  the  p n 
Junction  diffusion  equation  to  account  for  their  tran- 
sient characteristics.  We  find  that,  with  sufficient 
applied  voltage  p+n  diodes  can  be  charged  rapidly  be- 
cause minority  carrier  charge  moves  across  the  deple- 
tion layer  essentially  instantaneously. 3, A, 5, 7-10 

(c)  Overlay  structures.  The  theory  is  readily 
adapted  to  overlay  Schottky  or  p-n  diodes.  For  the 
case  of  a constant  overlay  capacitance,  analytic  re- 
sults are  obtained. 

(a)  Fast  diodes.  To  find  the  stored  charge,  we 
write  the  current  equation  for  the  circuit  model  (2a) 
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Here,  the  diode  current  is  due  to  both  conduction 
current,  the  second  term  on  the  right  hand  side  of 
Eq.  (13);  and  displacement  current  through  the  deple- 
tion layer,  the  first  term  on  the  right  hand  side  of 
of  Eq.  (13).  Qp  is  the  diode  charge  where  now  we 
take  account  of  the  diode  capacity  by  using  Eqs.  (8) 
and  (9). 

We  note  that  when  Vp  is  small,  so  no  conduction 
current  flows,  the  solution  of  Eq.  (13)  is  Qp  = 

C(VS  - Vp)  + constant  . But  when  current  flows  momen- 


tarily ns 


reaches  its  peak  value,  the  value  of 


Qp  changes.  It  is  therefore  convenient  to  define  a 
parameter  Qg(t)  as  follows: 


C<VV 


The  charge  in  Qp  due  to  the  "pip"  of  current  when 
Vp  reaches  its  peak  value  is  -Qg  . Hence  we  call 
Qg  the  stored  charge. 

Equation  (13)  can  now  be  written  in  the  form 

d(>s  . qVkT 

“ I - e . (1 


Tills  has  the  solution  for  the  stored  charge 
Q<>  " constant  when  the  conduction  current  is  small, 
as  would  be  expected,  and  can  be  solved  fairly  easily 
for  other  cases,  by  substitution  of  Eq.  (14)  in  the 
right  hand  side  of  Eq.  (15)  provided  it  is  assumed 
that  Cp  « Cpp  « constant  when  the  diode  voltage  is 
near  its  peak  at  time  t - tR  . 

We  have  considered  Individual  cases  of  fast  and 
slow  charging.  The  pulse  on  the  plate  in  assumed 


- 105 


r 


tordcn 


and  Kino 


parabolic  In  shape,  so  that  the  source  voltage  la  of 
the  form 


C C 

' Vc(t)  - — V ft8ln  (wt-Bz)+-E  V 

| 5 c B0  c 


(16) 


It  can  be  shovm  by  solving  Eq.  (15)  that  the  required 
solution  la 


vD(t) 


-[vvy] 


kT  C_ 

(C  - C ) 

D Up  , c_ 


in 


I 


nq 


kTCTCpVpO 


(17) 


where  C_ 


Cn  +C 
Dp 


T CD+°  • Sp 

Tlie  positive  top  plate  voltage  required  to  strong- 
ly forward  bias,  or  "turn-on"  the  diode,  Von  • ls 
defined  to  be  reached  when  the  coupling  capacitor 
charge  C(Vg  - VDp)  and  stored  charge  Qs  at  the 
saturation  voltage  V are  equal.  Thus, 


, V 


CV. 
a aO 


DP 


(CD0  ” CDp) 


kT  C 

Tp 

<1  c 


In 


1 1 J "q  - 

6 pV  kTC_  CV. 

Tp  p pO  J 


(18) 


We  find  also  that  the  spatially  varying  component  of 
Q that  is  stored  by  diodes  is  precisely  the  last  term 
of  Eq.  (7)  as  would  be  expected. 

(b)  Slow  charging,  with  a pulse  train.  We  assume 
a source  voltage  of  the  form 


C V „ C V 

v _ . a.  aP-  sin  (u)t  - Bz)  + -E-E^ 

“ r*  n 


sin  ut 


(19) 


qV.0/kT 

We  assume  e » e 


• «VkT 


and  V of  suffi- 
ciently low  amplitude  so  that  the  diode  displacement 
current  dominates.  In  this  case  it  can  be  shown  that 
for  large  times  the  spatially  varying  component  of 
readout  charge  has  the  symptotic  form 


C V cos  Bz 
P PO 


(20) 


For  short  times,  the  readout  charge  varies  linearly 
with  time,  and  has  the  form 


“ 2V1o(^Vaof)1lfeVpof)COsBz 


(21) 


where  Iq  and  1. 


j t 

arc  modified  Bessel  functions. 


We 


note  that  for  Vp0  sufficiently  small  QR  « VpQ  , 
i.e.,  it  varies  linearly. 


(c)  p n Diodes 

1.  Fast  charging  with  a single  pulse.  We 
have  shown,  by  solving  the  p+n  Junction  diffusion 
equation  for  times  much  shorter  than  the  minority 
corrler  lifetime,  that  the  excess  minority  carrier 
density  at  the  edge  of  the  neutral  region,  p (0,t)  , 
is  " 


V0*0  “ pn0,1: 


' 1 i^iT  J„ 

n l»  0 


V 


(t-T) 


1/2 


dt  (??) 


where  D ls  the  hole  diffusion  constant,  p - the 
equilibrium  hole  density,  and  Ijj < t ) tltc  diode  current. 
We  again  assume  u parabolic  top  plate  pulse,  so  that  the 
source  voltage  ls  given  by  Eq.  (16).  Since  the  voltage 
drop  ls  largely  across  the  coupling  capacitor  C , the 
diode  current  ls  linear  and,  from  Eqs.  (22)  and  (16), 
the  diode  voltage  during  charging  is  given  by  the  rela- 
tion 


V„(t> 


r <cv  „ 

- — In  1 + E0 

q *■  qPnOtp 


Efi  /T/7F 


(-H)I 


(23) 


We  see  that  the  diode  voltage  rapidly  saturates,  re- 
maining constant  until  t - 3tp/2  , when  it  rapidly 
drops  to  zero.  At  this  time,  the  source  voltage  V 
has  dropped  to  3/4  of  its  peak  value.  For  t > 3tp/2  , 
V_  < 0 , and  all  diode  current  ceases  to  flow.  Thus, 

the  diode  acts  like  a fast  diode  in  this  application 
but  returns  only  75%  of  the  charge  that  a fast  diode 
would  retain. 

2.  Slow  charging  with  p*n  diodes.  It  is 
also  possible  to  express  the  total  excess  minority 
carrier  charge  in  the  neutral  region  in  terms  of  the 
diode  voltage  Vp  . Assuming  that  the  conduction  cur- 
rent is  small  compared  to  the  displacement  current 
through  the  diodes,  by  use  of  Eq.  (8)  we  can  find  the 
stored  charge  for  slow  charging  of  p+n  diodes.  The 
results  arc  Identical  to  those  for  the  fast  diode  Eqs. 


(20)  and  (21)  with  a saturation  current 
the  relation 


given  by 


(24) 


For  a typical  value  of 
5.6  x loVcm^  , with  o> 

D„  « 20  cm^/sec  , we  find 


Nd  - 4.6 

6.28  x 10' 


10  /cm 
8 sec-7  , 

q a/cm' 


2.6  x 10* 


TEls  is  about  100  times  less  than  the  value  of 
a PtSi  Schottky  diode. 


PnO  " 

2 

IS  for 


(c)  Overlays.  An  overlay  may  be  modeled  as  a 
capacitance  in  parallel  with  the  diode  depletion  layer. 
This  does  not  change  the  qualitative  form  of  the  above 
results,  since  the  overlay  can  only  increase  the  diode 
capacity. 

(d)  Writing  with  two  acoustic  inputs.  Usually 
the  diode  potentials  due  to  the  acoustic  surface  waves 
are  weak,  so  that  the  diode  displacement  current  domi- 
nates. The  analysis  is  identical  in  form  to  that  for 
slow  charging,  with  one  of  the  acoustic  signals  and 


coupling  capacity  Cg  re 
and  coupling  capacitor  C 


pla^ijjg 


the  top  plate  signal 


IV.  ANALYSIS  OF  THE  READING  PROCESS 

We  have  found  the  device  output  power  in  terms  of 
the  stored  readout  charge  QR  , found  in  the  previous 
section,  and  the  reading  signal  amplitude.  Results 
have  been  for  both  plate-to-acoustic  reading,  where  an 
acoustic  output  appears  in  response  to  a plate  reading 
signal,  and  acoustic-to-plate  reading,  where  a plate 
output  appears  in  response  to  an  acoustic  reading  sig- 
nal. We  describe  here  only  the  plate-to-acoustic 
reading  results. 

We  follow  the  analysis  given  in  Section  II  to  find 
Che  voltage  developed  across  the  diodes  in  the  form  of 
Eq.  (12). 
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The  amplitude  of  the  surface  wave  excited  by  this 
component  of  diode  potential  Is  found  using  the  normal 
mode  theory  of  Kino  and  Auld.  7tl3  ^ direct  substitu- 
tions into  Eq.  (31)  of  this  reference,  and  solving  for 
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1 the  potential  duo  to  the  fundamental  acoustic  mode 
1 <a  , in  terms  of  the  total  rf  potential1-’  the  output 
| power  Is  found  to  be 


i 

I 


1 

Yh«‘ 

2 

C i Q 6S 

J-''R  R-  sine 

2Z 

a 

l 

2cdovb  *J 

(25) 


t 

where  L is  the  interaction  region  lengths,  l the 
diode  array  period,  and  y the  perturbation  of  the 
; acoustic  propagation  constant  8 due  to  the  presence 
of  the  diode  array,  y Is  a measure  of  the  coupling 
of  the  diode  potential  back  to  the  acoustic  surface 
wave,  and  Is  given  by  the  relation 


Y 


wwC  Z 
n a 

2 


(26) 


A very  similar  analysis  has  been  carried  out  for 
1 acoustic-to-plate  readout.  This  Is  given  elsewhere. ^ 


experiment  verifies  s.  35  dB  of  this,  the  lower  25  dl) 
part  is  duo  to  amplifier  noise  that  could  be  gated  out. 


Slow  writ  lug  with  rf  signals,  plate-to-nroustlc 
reading.  Figure  6 shows  the  device  output  power  us  a 
function  of  time  for  the  device  whose  parameters  arc 
summarized  In  Table  1,  column  2.  The  theoretical  curve 
la  again  plotted  with  no  adjustment  of  parameters, 
using  a calculated  saturation  current  of  l-  ■ 3.1  * 10-^ 
a/cm’  . The  accuracy  here  is  a critical  function  of  the 
device  parameters,  since  the  output  and  time  for  the 
onset  of  saturation  arc  both  essentially  exponential 
functions  of  the  applied  voltages  and  the  inverse  of 
the  diode  capacitance  . 

For  tills  particular  case,  the  linear  charging  time 
is  about  1 msec.  The  bandwidth  was  7.3  MHz,  so  that  a 
linear  correlation  of  Input  signals? >8,9  with  40  dB 
dynamic  range  and  time-bandwidth  product  of  7300  is 
possible. 


i 

I 


V.  Comparison  to  Experiment 


Here  we  present  sets  of  experimental  results  that 
, verify  most  aspects  of  the  above  theory.  The  data  has 
1 been  obtained  with  a number  of  different  devices. 

’ Their  parameters  are  summarized  in  Table  1. 

! 

P N Junction  Diodes 

l 

| SlnRle  pulse  writing,  plate-to-acoustic  readlnR. 

1 The  output  power  is  shown  as  a function  of  plate  pulse 
; height  in  Fig.  4 for  the  device  whose  parameters  are 
summarized  in  Table  1,  column  1.  The  theoretical  out- 
| put  is  plotted  with  no  adjustment  of  parameters,  be- 
ginning at  the  turn-on  voltage  Vgn  . The  fast  diode 
model  was  used  in  conjunction  with  the  -2.5  dB  cor- 
rection for  p+n  diodes,  as  follows  from  p-n  diode 
theory  (75%  of  the  charge  retained).  The  theory  is 
seen  to  accurately  predict  both  the  turn-on  voltage, 
Vq,,  , and  output  power. 


We  have  observed  Vgn  to  be  independent  of  tem- 
! perature.^  This  is  consistent  with  the  predicted  ^ 
j diode  voltage,  given  in'  Eq.  (23),  since  l/png  ^ % 

is  the  intrinsic  carrier  con- 


exp  (E  /kT)  where 
; centrStion  and  E_ 


the  bandgap  energy. 


These  results  indicate  that  p n diodes  perform 
very  much  like  fast  diodes.  With  pulses  of  sufficient 
amplitude,  they  can  be  completely  charged  in  times  on 
the  order  of  a few  nanoseconds.  This  process  utilizes 
minority  carrier  drift  across  the  depletion  region, 
rather  than  generation  or  recombination,  and  is  inde- 
pendent of  the  storage  time.  By  employing  p+n  diodes, 
it  is  thus  possible  to  demonstrate  a device  that  charges 
. in  nanoseconds  and  stores  for  seconds.  We  have,  in 
fact,  shown  this  at  low  temperatures.^ 


Schottky  Diodes  with  Overlays,  Single-Pulse  Writing, 
Acoustlc-to-Plnte  Reading 

Figure  7 shows  the  dependence  of  the  output  power 
on  the  writing  acoustic  signal  power  for  the  device 
whose  parameters  are  summarized  in  Table  1,  column  3. 
These  results  were  obtained  and  reported  by  Ingebrigt- 
sen.^  The  fast  diode  model  modified  to  take  account 
of  a fixed  diode  overlay  capacity  was  used  to  obtain 
the  theoretical  curves.  The  only  adjustable  parameter 
was  the  insertion  loss,  which  was  not  reported.  A one- 
way loss  of  8 dB  for  the  correlation  mode  of  operation 
was  assumed. 

The  theory  and  experiment  diverge  for  writing 
signal  powers  > 30  dBm.  At  these  levels,  the  acoustic 
and  pi l’-z  potentials  seen  at  the  diode  become  compar- 
able and  the  small  acoustic  signal  assumption  breaks 
down.  Such  large  acoustic  potentials  may  also  give 
rise  to  interdiode  currents.  While  the  result  of  such 
effects  is  not  easily  predicted,  we  expect  them  to  re- 
sult in  breakdown  of  the  theory. 

VI.  Conclusions 

We  now  consider  the  relative  performance  of  some 
of  the  various  structures  and  modes  of  operation. 

With  respect  to  the  use  of  either  slow  writing 
with  low  level  rf  signals  or,  alternately,  fast  writing 
with  a plate  voltage  spike,  it  is  seen  that  the  maximum 
output  power  available  is  proportional  to  the  square  of 
the  readout  charge,  Qr  ss  (CV  Q)2  for  slow  writing 
and  Qr  ss  (CVnQ)^  for  fast  writing.  Since  it  is  pos- 
sible to  have  V_g  ss  Vng  , the  modes  are  essentially 
equivalent  in  this  respect.  Thus,  a choice  between  the 
two  would  depend  largely  on  the  intended  application. 


The  drop  in  output  for  increasing  plate  pulse 
height  is  largely  due  to  a phase  mismatch  between  the 
writing  and  reading  process  due  to  the  charge  in  diode 
capocity. 

Propagation  loss  is  observed  to  increase  slightly 
with  respect  to  charging,  pulse  height,  accounting  for 
about  1 dB  additional  loss  for  a plate  pulse  voltage 
of  350  V.  lloLli  tills  and  the  phase  mismatch  effects 
have  been  added  to  the  theoretical  curves  of  Fig.  4. 

The  output  power  vs  reading  signal  voltage  is 
plotted  in  Fig.  5 for  various  levels  of  input  acoustic 
power,  Pn  . Agreement  is  good  for  an  acoustic  input 
power  P ' 25  dBm,  with  a thermal  noise  floor  of  -90 
dBm,  the  predicted  linear  dynamic  range  of  the  output 
with  respect  to  the  reading  signal  is  s,  00  dB.  The 


The  performance  of  p-n  junction  and  Schottky 
diodes  is  seen  to  be  essentially  equivalent  for  writing 
with  a plate  voltage  spike.  The  significantly  lower 
leakage  current  allows  a p-n  diode  array  to  store  a 
signal  for  a far  longer  time.  Tims,  p-n  diodes  offer 
a larger  ratio  of  storage-to-writing  time.  We  have  ex- 
perimentally demonstrated  and  reported  this  elsewhere.'1 

With  low  level  signals,  p+n  diodes  can  be  charged 
over  longer  periods  due  to  their  lower  saturation  cur- 
rent 


JS 


This  is  of  value  in 


during  the  writing  process. 


e y” j performing 


correlations 


Finally,  we  compare  the  storage  correlator  to  the 
ncoustoclectric  convolver.  The  convolver  is  essentially 
n storage  correlator  without  storage.  Both  devices  hive 
the  same  structure;  the  convolver  provides  a real  time 
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TABLE  1 


Experimental  Device  Parameters 


(1) 

(2) 

0)2, 11 

Writing: 

Acoustic-plate 

Acoustic-plate 

Acoustic-plate 

(pulse) 

(rf) 

(pulae) 

Reading: 

Plate-to-acoustlc 

Plate-to-acoustlc 

Acoustlc-to-plate 

Plate  pulse  duration  (2t  ) 

5 nsec 

— 

5 nsec 

One  way  loss  p 

8.5  dB 

10.5  dB 

8 dB(assumcd) 

3 dB  storage  time 

8 msec 

a.  20  msec 

Diodes 

V-groovc  Isolate  mesa  p n 

35  mse : 

overlay  PtSl  Schottky 

Substrate  doping 

11  (1-cm 

34  Q-cm 

Overlay  contacts 

— 

10  x 10  pm  Cr/Au 

Diode  diameter 

— 

5 pm 

Diode  width  (5) 

4 pm 

— 

Diode  period  (1) 

8 pm 

12.5  pm 

Interaction  length  (L) 

1.57  cm 

0.44  cm 

LitlbOj  thickness  (d) 

450  pm 

710  pm 

Alrgap  height  (h) 

300  nm 

200  nm 

Airgap  spacer 

rails 

posts 

Beam  width  (w) 

1 mm 

2.75  mm 

Center  frequency 

108  MHz 

65  MHz 

f! 


convolution  of  two  opposite  traveling  acoustic  surface 
vaves.  It  has  been  conjectured  that  the  two  devices 
have  equivalent  efficiencies.  This  may  be  confirmed 
by  defining  an  efficiency  ^,/y  for  acoustic-to-plate 
reading: 


wV. 


sc 


/ze 


p 

aw  ar 


sine2 ($4/2) 

<VB  - V 


(27) 


' where  a value  of  the  load  resistor  R,  is  assumed  that 
gives  the  peak  output  power  Rl  «*  (a)NLCpwS  ) ~1  , the 
readout  charge  is  , the  acoustic  writing 

potential  Va  = /2ZaPnw  , and  the  acoustic  reading 
potential  < flaT  « /2ZaIar  , so  that  Paw  and  Par  are 

• the  powers  of  the  acoustic  writing  and  reading  signals, 
respectively.  An  equivalent  efficiency  for  the  con- 
volver, , has  been  shown  by  Jolyi0  to  be: 

vV.  wZ  (C  /C  )2  sinc2(6«/2) 

- — • — — , • 

• ' ^ fl+<VCD)J  VB 


i (28) 

i 

where  Pfll  and  Pa2  are  the  powers  of  the  two  oppo- 
site propagating  acoustic  surface  waves  and  Vq  is 
the  device  output  voltage.  Equations  (27)  and  (28) 

give 


2 


(29) 


Usually,  Cp  » Cfl  so  the  efficiency  of  the  correla- 
tor is  essentially  6 dB  belter  than  that  of  the  con- 
volver. 
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A HEW  ZINC-OXIUK-ON-SILICON  MONOLITHIC  STORAGE  CORRELATOR 

II.  C.  Tuan,  B.  T.  Kliuri-Ynkub,  and  C.  S.  Kino 
Edward  L.  Ginzton  Laboratory 
Stanford  University 
Stanford,  California  94305 


ABSTRACT:  A new  zlnc-oxide-on-silicon  monolithic  storage  correlator  using  a p-n  diode  array  has  been 
successfully  fabricated.  Preliminary  studies  show  that  the  spurious  bulk  wave  generation  which  severely 
limits  the  dynamic  range  of  the  air-gap  device  is  absent  from  tills  monolithic  structure.  Therefore,  larger 
dynamic  range  (>50  dB)  is  expected.  A number  of  signal  processing  functions  have  been  demonstrated  using 
this  monolithic  device  with  electronic  efficiency  comparable  to  that  obtained  with  the  air-gap  devices.  In 
one  experiment,  correlation  of  signals  with  a time-bandwidth  product  of  30,000  has  been  obtained. 


I.  Introduction 


Table  1.  RF  Sputtering  Conditions 


The  ASW  storage  correlator  has  been  investigated 
intensively  in  the  past  three  years.  Up  until  now 

almost  all  of  them  are  of  the  so-called  air-gap  type. 
This  air-gap  structure  has  the  advantage  of  being  very 
flexible  so  that  storage  correlators  made  from  differ- 
ent combinations  of  piezoelectric  and  semiconducting 
materials  can  be  investigated  relatively  easily.  It 
also  offers  a convenient  way  of  studying  the  perfor- 
mance of  different  kinds  of  diode  arrays.  But,  on  the 
other  hand,  it  requires  sophisticated  assembly  techni- 
ques, and  suffers  from  excessive  spurious  bulk  wave 
generation  at  readout.  It  is  very  difficult,  if  not 
impossible,  to  eliminate  this  spurious  bulk  wave  gen- 
eration, and  the  input  dynamic  range  of  the  device  is 
thus  limited  to  25-  35  dB  at  the  present  time. 


Substrate  Temperature 
RF  Input  power 
Sputtering  atmosphere 
Deposition  pressure 
Deposition  rate 


250*C  ± 1*C 
160  Watts 

80:20,  Argon: Oxygen 
8 microns 

180  - 200  X/min 


The  transducers  and  the  top  electrode  are  fabri- 
cated using  the  standard  lift-off  of  positive  photo 
resist.  Gold  wires  are  bonded  to  the  devices  with 
silver  epoxy.  This  compression-free  bonding  technique 
gives  more  consistent  results  than  the  conventional 
thermal  compression  technique. 


In  this  paper,  we  describe  a monolithic  zinc-oxide- 
on-silicon  p-n  diode  storage  correlator.  We  begin  with 
a description  of  the  structure  and  the  fabrication  tech- 
nology of  our  storage  correlator.  In  the  second  sec- 
tion, the  performance  and  some  unique  features  of  this 
monolithic  device  will  be  discussed.  The  last  section 
is  devoted  to  demonstrating  some  of  the  powerful  signal 
processing  capabilities  of  this  device  by  using  the  so- 
called  input  correlation  technique. 

II.  Fabrication  of  the  Monolithic  Storage  Correlator 


III.  Performance  of  the  ZnO-on-Si  Storage  Correlator 

The  interdigital  transducers  on  our  device  are  10 
finger  pairs.  Simple  inductance  tuning  gives  a 7 MHz 
bandwidth  with  a center  frequency  of  125  MHz.  The 
terminal-to-terminal  insertion  loss  is  approximately 
17  dB.  The  length  of  the  active  diode  array  is  3 psec. 
When  operated  as  a convolver,  this  device  gives  an 
overall  convolution  efficiency  of  -64  dBm,  which  is 
comparable  to  that  obtained  with  the  air-gap  devices. 


Figure  1 is  a schematic  diagram  of  the  zinc-oxide- 
on-silicon  p-n  diode  storage  correlator.  The  starting 
material  is  10-15  fl-cm  n-type  (111)  silicon  cut  along 
the  (112)  direction.  A p-n  diode  array  is  laid  down  in 
the  material;  this  array  has  an  overall  periodicity  of 
8 pm  with  each  individual  diode  4 pm  wide.  The  pro- 
cessing requires  one  shallow  boron  diffusion  («0.6pm) 
into  the  n-type  substrate,  following  a n+  gettering 
phosphorus  diffusion  on  the  back  side.  This  gettering 
process  reduces  the  number  of  metallic  ions  present  at 
the  silicon  surface,  thus  improving  the  reverse  bias 
characteristic  of  the  diodes.  At  both  ends  of  the  sub- 
strate, a gold  layer  2000  X thick  is  evaporated  at  230°C 
onto  a thin  layer  of  titanium  produced  by  a flash  evap- 
oration. The  (111)  oriented  gold  layers  form  excellent 
underlayers  for  the  later  ZnO  growth;  they  provide  large 
shorting  planes  underneath  the  interdigital  transducers 
so  that  the  transducers  can  bo  excited  more  efficiently. 
When  externally  grounded,  the  gold  pads  also  reduces 
the  direct  RF  coupling  between  the  top  plate  electrode 
and  the  transducers.  Tills  shielding  effect  helps  in 
reducing  the  spurious  signal  level  of  the  device. 

A zinc  oxide  layer  1.6  pm  thick  is  then  RF-sput- 
tered  on  the  substrate  to  provide  the  piezoelectric 
coupling  between  the  acoustic  surface  wave  and  the 
diode  array.  The  KF  sputtering  system  lined  has  been 
described  by  Kliuri-Yakub,  et  nl.'  The  important  depo- 
sition parameters  are  shown  in  Table  1. 


One  of  the  problems  encountered  in  assembling  the 
air-gap  devices  is  to  maintain  a uniform  airgap  along 
the  length  of  the  diode  array  so  that  the  electric  field 
couples  uniformly  to  each  individual  diode.  Since  the 
monolithic  storage  correlator  does  not  have  an  air  gap, 
this  particular  problem  is  eliminated  from  the  fabrica- 
tion process.  Highly  uniform  zinc  oxide  film  can  usual- 
ly be  obtained  over  large  areas  under  tightly  controlled 
deposition  conditions.  This  implies  that  high  perfor- 
mance devices  can  be  batch-fabricated,  thus  making  it 
compatible  with  the  integrated  circuit  technology.  The 
uniformity  of  the  ZnO  film  can  best  be  demonstrated  by 
storing  a uniform  charge  into  the  diode  array  and  then 
reading  it  out  by  applying  a short  RF  pulse  to  the  top 
electrode.  Figure  2 is  the  output  signal  obtained  with 
a 25  ns  readout  pulse  using  this  technique.  It  is  seen 
that  the  interaction  is  uniform  to  within  1 dB  along 
the  whole  3 pscc  length  of  the  diode  array. 

It  is  interesting  to  note  that  the  diode  array 
can  also  be  envisioned  as  an  array  of  MOS  transistors 
with  each  individual  diode  acting  as  either  the  source 
or  the  drain  of  a MOS  transistor.  Therefore,  the  sur- 
face potential  of  the  n regions  between  diodes  can  be 
controlled  by  DC  bias  applied  to  the  top  plate  elec- 
trode. With  negative  bins,  inversion  layers  start  to 
form  between  diodes  and  form  a shunting  layer  between 
the  diodes  and  thus  causing  the  storage  output  to  drop 
very  quickly.  With  positive  bias,  electrons  moving  to 
the  surface  will  eventually  form  an  accumulation  layer. 
The  storage  output  in  Ibis  ease  also  drops,  probably  due 
to  the  fact  that  the  accumulation  layer  provides  a 


■hunt  In,-,  path  for  the  nip, unlit  applied  to  the  top  plate 
electrode.  For  moat,  but  not  all  of  the  dcvJcrn  we 
have  rude,  punitive  DC  blun  Is  needed  to  obtain  the 
optimal  Hurfacc  potential  for  storage.  In  contrast  to 
the  air-gap  device,  the  biasing;  voltage  involved  is 
only  a tew  voltn.  This  In  Just  one  example  to  support 
the  argument  that  unlike  the  alr-(’,np  device,  the  mono- 
lithic storage  correlator  is  a much  easier  type  to 
interface  wlvl  other  electronic  systems. 

For  fixed  writing  (Py)  and  reading  (PR)  signal 
levels,  the  Input  dynamic  range  of  the  storage  corre- 
lator Is  defined  as  the  range  over  which  the  correla- 
tion output  power  varies  linearly  with  that  of  the 
Signal  to  be  stored  (P,.).  The  various  power  levels 
used  are  shown  In  Fig.' 3.  For  the  air-gap  correlators, 
the  minimum  detectable  signal  Is  limited  by  the  spur- 
ious bulk-wave  generation  by  the  readout  signal,  due 
to  the  high  KF  fields  applied  across  the  thick  piezo- 
electric substrate.  Therefore,  Instead  of  having  its 
full  dynamic  range  available  (60  dll  or  more),  the  dy- 
namic range  is  only  23-33  dB  at  the  present  time. 

The  elimination  of  these  spurious  signals  in  air-gap 
devices  appears  to  be  very  difficult.  If  not  impossible. 
For  the  ZnO-on-Si  storage  correlator,  since  the  piezo- 
electric ZnO  film  is  only  1.6  um  thick  (0.05  X),  spur- 
ious bulk  wave  generation  Is  not  a problem. 

Other  sources  of  spurious  signals  do  exist  and 
our  present  effort  is  concentrated  on  reducing  them. 

The  most  obvious  of  these  is  the  direct  RF  pickup  by 
the  output  transducers.  By  careful  design  of  the  en- 
closing metal  box  and  solid  grounding  of  the  back  side 
of  the  device,  we  have  reduced  this  direct  pick-up 
below  the  thermal  noise  level  of  the  measuring  system. 
The  metal  box  Is  partitioned  into  three  cavities  for 
matching  networks  and  each  cavity  can  be  tightly  closed 
by  separate  covers.  The  grounding  of  the  device  is 
accomplished  by  soldering  the  back  side  of  the  sample 
using  indium  solder  to  a small  carrier  box  with  lead 
Wires  connected  to  the  proper  matching  networks.  The 
ends  of  the  top  plate  electrode  represent  sharp  termi- 
nations of  the  electric  field  applied  to  the  ZnO  film 
and  give  rise  to  spurious  surface  wave  generation. 

This  can  easily  be  eliminated  by  slanting  the  two  ends 
of  the  electrodes,  leaving  a background  spurious  sig- 
nal level  of  about  -70  dBm.  This  gives  an  input  dy- 
namic range  of  30 -HO  dB.  Though  the  study  of  the 
nature  of  this  spurious  signal  is  not  completed  yet, 
we  do  know  that  it  is  due  to  surface  wave  generation 
and  it  can  be  affected  by  DC  bias  applied  to  the  top 
plate  electrode.  This  DC  bias  effect  suggests  that  it 
is  one  associated  with  the  silicon  surface.  For  his- 
torical reasons,  we  have  been  using  a staggered  diode 
array  structure  which  introduces  unwanted  spatial  peri- 
odicities. The  frequency  spectrum  of  the  feedthrough 
tends  to  confirm  this  conclusion.  Therefore  we  are 
currently  making  more  devices  using  a simpler  array 
structure,  which  wc  hope  will  eliminate  the  residual 
feedthrough. 


IV.  Signal  Processing  Using  the 

Input  Correlation  Technique^ >5,6,7 

A number  of  authors  have  previously  described  the 
operation  of  the  storage  correlator  as  an  analog  signal 
processor.  Here,  we  wish  to  describe  our  experiments 
with  the  ZnO-on-Si  correlator  using  the  so-called 
Input  correlation  technique.  The  simplest  example  of 
this  mode  of  operation  is  Illustrated  sehematlcal ly  In 
Fig.  4(a),  where  two  identical  linear  HI  chirps  with 
chirp  slope  p have  been  correlated  during  tlm  write-in 
process.  The  top  plate  chirp  Is  a delayed  replica  of 
the  acoustic  chirp  an  that  at  only  near  one  point  of 
the  diode  array,  the  frequencies  of  the  top  plate 
chirp  will  match  those  of  the  acoustic  chirp  fed  into 


port  A during  the  coaplcte  length  of  these  chirps.  . 

»y  properly  choosing  the  power  levels  of  the  signals, 
successive  charging  of  the  diodes  due  to  the  entire 
chlrpH  will  store  u charge  spike  near  this  point  corre- 
sponding to  the  correlation  peak  of  the  two  signals. 

This  correlation  peak  can  be  readout  directly  at  port  B 
later  by  applying  a short  pulse  to  the  top  plate. 

Figure  5 shows  the  direct  correlation  output  of  two 
40  psec,  6 MHz  linear  fM  chirps.  It  is  Important  to 
note  that  with  this  mode  of  operation,  the  time  band- 
width product  of  the  signals  that  can  be  processed  is 
now  limited  by  the  bandwidth  of  the  acoustic  trans- 
ducers and  the  storage  time  of  the  diode  array,  not 
Just  the  acoustic  delay  of  the  diode  array.  Since  the 
storage  time  of  the  diode  array  can  be  as  much  as  sev- 
eral hundred  milliseconds  or  more,  this  can  conceivably 
lead  to  correlation  TB  products  larger  than  10^. 

The  spectral  resolution  of  this  technique  Is  demon- 
strated by  the  experiment  schematically  shown  in  Fig. 
4(b).  One  of  the  linear  FM  chirps  of  frequency  u = 
w.  + pt  is  AM  modulated  by  a sinusoidal  wave  form  of 
frequency  u and  applied  to  the  top  plate  electrode. 
The  resultant  signal  can  be  regarded  as  the  superposi- 
tion o£  three  chirps  of  frequencies  ui  “ + pt  , and 

» ■ + pt  i u . Since  the  frequencies  of  the  three 

chirps  will  match  that  of  the  acoustic  chirp  at  dif- 
ferent positions  along  the  diode  array,  three  correla- 
tion peaks  will  be  storeJ,  corresponding  to  the  carrier 
frequency  and  the  two  sidebands  introduced  by  the  AM 
modulation.  The  bottom  trace  of  Fig.  6 shows  the  out- 
put signal  obtained  by  using  a short  RF  pulse  (100  ns) 
to  readout  the  stored  correlation  peaks.  The  chirps 
used  arc  5 ms  long  with  a bandwidth  of  6 MHz,  corre- 
sponding to  a TB  product  of  3 * 10^.  Since  the  carrier 
has  been  suppressed,  the  two  correlation  peaks  corre- 
spond to  the  two  sidebands.  The  frequency  of  the  AM 
modulation  used  is  186  Hz,  indicating  that  the  fre- 
quency resolving  power  of  the  device  is  about  372  Hz 
for  this  particular  case.  By  varying  the  chirp  lengths, 
frequency  components  in  different  frequency  ranges  can 
be  observed.  The  top  trace  is  the  output  signal  when 
the  short  readout  pulse  alone  is  applied  to  the  device, 
thus  representing  the  spurious  signal  levels  of  the 
device. 

In  order  to  readout  the  stored  correlation  peaks 
accurately,  the  readout  pulse  used  in  Fig.  4(a)  has  to 
be  sufficiently  short.  This  is  because  the  information 
corresponding  to  the  correlation  peak  is  stored  only  in 
a narrow  region  of  the  silicon  diode  array  corresponding 
to  a few  diodes.  Therefore,  on  readout,  the  output  sig- 
nal obtained  is  relatively  weak  and  has  a limited  dy- 
namic range.  This  situation  can  be  improved  by  using 
the  technique  shown  in  Fig.  4(c),  where  the  chirp  slope 
of  the  signal  fed  into  the  center  terminal  is  changed  to 
p^  t°  differ  slightly  with  the  acoustic  chirp  slope 
Pj  . In  this  case,  the  frequencies  of  the  two  chirps 
will  be  identical  at  one  end  of  the  diode  array  at  the 
beginning  of  the  chirps,  and  at  the  other  end  of  the 
diode  array  at  the  end  of  the  chirps.  In  this  way,  the 
original  long  chirp  has  been  compressed  as  a stored 
charge  pattern  into  a short  chirp  during  the  write-in 
process.  By  choosing  (p.-p^/p^  = ta/Tq  , where 
T^  is  the  acoustic  wave  delay  ofthe  diode  array  and 
T is  the  length  of  the  chirp,  the  compressed  chirp 
will  occupy  the  whole  length  of  the  diode  array.  The 
storage  process  is  thus  similar  to  holographic  storage 
and  a pulse  compression  technique  similar  to  holographic 
reconstruction  can  be  employed  on  readout.  A chirp  of 
time  length  Ty^  with  a slope  of  p^/fp^-pj)  Is  used 
to  readout  the  signal,  and  a far  larger  signal  than 
with  the  simpler  process  already  described  can  be  ob- 
tained. The  theoretical  Improvement  in  slgnal-to-nolsc 
ratio  to  be  expected  is  approximately  DT^  , where 
B " PjT  /2u  Is  the  bandwidth  of  the  chirps.  Figure  7 
shows  t lie  correlation  peak  of  two  2 ms,  6 MHz  bandwidth 
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linear  FM  chirps  obtained  with  this  two-step  compres- 
sion technique.  The  compression  ratio  is  about  8000. 
The  S/N  ratio  of  this  output  is  approximately  13  dB 
higher  than  the  case  using  two  identical  chirps,  which 
is  close  to  what  would  be  expected  theoretically.  The 
side  lobe  levels  could  be  reduced  by  eliminating  the 
spurious  signals  in  the  device  and  by  using  more  linear 
FM  chirps. 


V . Conclusion 

We  conclude  that  an  efficient  monolithic  ZnO-on-Si 
storage  correlator  can  be  fabricated.  Due  to  the  mono- 
lithic nature  of  the  device,  its  fabrication  technology 
is  compatible  with  the  standard  IC  technologies.  So 
far,  the  performance  of  this  device  is  close  to  what  we 
would  expect  from  such  a structure.  By  reducing  the 
spurious  signal  levels  furthermore,  which  we  believe 
is  less  difficult  than  on  the  air-gap  devices,  this 
monolithic  device  may  become  a practical  signal  pro- 
cessor offering  large  dynamic  ranges.  The  input  corre- 
lation experiments  have  demonstrated  that  it  offers  the 
possibility  of  correlating  signals  with  extremely  large 
time  bandwidth  products  determined  by  the  storage  time 
of  the  diode  array  and  the  bandwidth  of  the  transducers. 
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FIG.  1 — Schematic  of  zinc-oxide-on-silicon  monolithic 

storage  correlator. 


FIG.  2 — ZnO-on-Si  storage  correlator  interaction  region 
uniformity. 


SIGNAL  TO  BE 
STORED  (Ps) 


WRITING  SIGNAL  (P-) 


WRITE  - IN 


READING  SIGNAL  (PR) 

VEMS — 


.OUTPUT 


READ-OUT 


TIG.  3 — Write-in  and  readout  of  the  storage  correlator 


Tuan,  Khurl-Yakub,  and  Kino 


FIG.  6 — Correlation  output  of  the  AM  modulation 
experiment . 


Direct  input  correlation; 

Spectral  resolution  of  input  correlation 
Two-step  compression  technique. 


■Correlation  output  of  two  2 msec,  6 MHz  linear 
FM  chirps  using  the  two-step  compression  tech- 
nique . 


FIG.  5 — Output  obtained  with  direct  input  correlation  of 
two  AO  psec,  6 MHz  linear  FM  chirps. 
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INPUT  CORRELATION  WITH  THE  A.S.W. 
STORAGE  CORRELATOR 

IndiWinK  terms  Acoustic-surfm  e-uate  Jet  ices.  Correlators 
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logarithmically  in  time  during  the  charging  process  as' 
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- — Coin  j^l  + 
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B)  correlating  during  rcad-in.  we  correlate  signals  of  much 
greater  length  than  could  be  stored  within  the  device,  thereby 
obtaining  a large  improvement  in  t.b.  product. 


xexp 


(si  c 
\kTC  + C 


where  S is  the  peak  surface-wave  potential. 


The  acoustic-surface-wave  storage  (or  memory)  correlator 
has  recently  received  considerable  attention  as  a high-band- 
width signal  processor.1  We  consider  here  a new  mode  of 
device  operation  that  affords  greatly  increased  time  band- 
width product,  namely  input  correlation. 

The  device  consists  of  a p n-junction-diode  array  situated 
above  a piezoelectric  surface-wave  delay  line.  Fig.  In  shows  a 
typical  mode  of  operation  whereby  the  modulation  ll'(r)  of 
a signal  IF (/)?*"  is  written  into  the  diode  array  as  a stored 
charge  pattern  and  read  out  at  some  later  time  as  a correlation 
with  a reading  signal  R(/)cA". 


write-in 


read-out 


waiei1"7—  I — «r)e^T 

6 

(<*>  I p 

scan  pulse 

a 


1!7rg  in  Jw(r)R(r.T  )dr 


write-in 


read-out 


W, 


W;(t)e^[IMtnnn>Wrn>  (r.T)d7 


b 


c 


ElmTH 


Fig.  1 

(a)  A typical  mode  for  storage  and  output  correlation 
if>)  Input  correlation  and  readout 
(r)  Equivalent-circuit  model 


The  writing  process  involves  the  interaction  of  two  r.f. 
inputs.  We  consider  first  the  case  where  one  is  used  to  excite 
a short  acoustic-surfacc-wave  pulse  and  the  other  is  applied 
to  the  diode  array  through  a capacitor,  the  capacity  between 
the  diode  array  and  the  ground  electrode  on  the  other  side 
of  the  delay  line.  Thus  the  source  in  Fig.  Ic  is  of  the  form 
V,  = Si>'<,"‘1-’,+  IV  (Or*",  where  S is  a constant.  The  surface- 
wave  term  is  assumed  to  be  dominant,  but  still  of  insufficient 
strength  to  allow  the  diode  conduction  current  to  exceed  its 
displacement  current.  Thus  the  voltage  divider  consisting  of 
C and  the  diode  depletion-layer  capacitor  C.D  determines  the 
diode  voltage  V„.  During  successive  peaks  of  4 he  surface- 
wave  potential,  small  amounts  of  forward  diode  current  flow. 
This  puts  successive  increments  of  charge  into  the  capacitor 
C\  owing  to  both  S and  H'tr). 

After  the  surface-wave  pulse  passes  by  the  diode,  T,  ~ 0, 
so  that  the  capacitor  C is  placed  across  the  diode,  reverse 
biasing  it.  The  stored  charge  now  leaks  out  slowly  through  the 
diode  reverse  current.  The  reverse-biased  diode  acts  like  a 
varactor  whose  capacity  depends  on  the  stored  charge.  A 
readout  signal  RIOi’*"  applied  to  the  diode  array  excites  a 
surface  wave  whose  amplitude  depends  on  the  diode  capaci- 
ties. This  wave  appears  at  the  transducer  opposite  the  one 
used  for  input  as  the  correlation  of  R and  the  storcd-charge 
pattern. 

By  solving  the  />*-/i-diode  diffusion  equation  for  times 
much  shorter  than  the  minority-carrier  recombination  time, 
we  can  show  that  the  diode  neutral-region  charge  increases 


„ _ /2</N0  C, 


is  taken  at  the  peak  value  of  V0,  p„0  is  the  thermal-equilibrium 
minority-carrier  concentration,  D,  is  the  minority-carrier 
diffusion  constant,  SD  is  the  doping  density  and  cj  is  the 
frequency. 

Since  Vj>( z,  0 has  some  direct  component  1'0,  a pure  r.f. 
component  \V  and  a component  due  to  the  surface 
wave  S(z,  l)eJ,,"~k!\  expansion  of  the  above  equation  yields 
a product  term  of  the  form  IFSe^5  In(Bi),  where  B is  a con- 
stant. The  logarithmic  characteristic  allows  charge  to  be 
integrated  over  long  intervals  by  appropriate  choice  of  the 
input  levels.  Because  this  component  of  charge  varies  w ith  the 
product  of  the  two  input  signals,  it  is  also  possible  to  correlate 
two  long  signals  during  the  charging  process.  At  present, 
unless  S is  carefully  chosen  so  as  to  use  only  a linear  portion 
of  the  charging  characteristics,  the  nonlinear  time  dependence 
makes  this  technique  poorly  suited  for  amplitude-dependent 
correlations.  It  would,  nevertheless,  be  of  considerable  use 
in  phase-sensitive  correlations,  such  as  those  performed 
with  f.m.  chirps.  Modifications  can,  however,  be  performed 
to  charge  linearly  from  a current  source,  as  described  by 
Ingebrigtsen.3 

The  t.b.  product  is  normally  limited  by  the  transducer 
bandwidth  and  diode  array  length.  Input  correlation  allows 
correlation  of  signals  much  longer  than  could  normally  be 
stored,  yielding  a corresponding  increase  in  t.b.  product.  For 
example,  the  longest  convolver  so  far  constructed  covers  a 
35  /is  signal  in  its  121  cm  length.*  By  careful  adjustment  of 
signal  levels,  input  correlation  should  allow  correlation  of 
signals  1 ms  long,  yielding  a t.b.  improvement  of  at  least 


i.ps 

delay 


Fig.  2 

(a)  Input-correlation  experimental  set-up 

(b)  Correlation  output 


30,  and,  in  certain  applications,  obviating  the  need  for  a long 
diode  array. 

We  have  experimentally  demonstrated  this  by  input 
correlating  two  linear  f.m.  chirps.  Fig.  2 a shows  the  experi- 
mental set-up.  The  plate  chirp  is  a delayed  replica  of  the 
acoustic  chirp,  so  that  the  plate  and  surface-wave  frequencies 
will  match  near  one  point  along  the  diode  array.  A correlation 
peak  will  be  stored  there,  which  may  be  directly  read  out  at 
some  later  time. 

Our  device  had  a centre  frequency  of  105-5  MHz  and  a 
3 dB  bandwidth  of  about  7 MHz.  The  mesa  p*-n- diode  array 
length  was  2 cm  (6/i l hc  acoustic  and  plate  inputs  were 
both  40  /is,  7-3  MHz  linear  f.m.  chirps  with  a centre  frequency 
of  105-4  MHz.  To  obtain  the  plate  delay,  a common  chirp 


was  generated  and  mixed  up  in  frequency  before  being  applied 
after  a 60 /ts  delay.  Both  plate  signal  amplitudes  were  8 V 
zero  to  peak.  The  acoustic  signal  was  23-5  dBm  and  the 
minimum  2-port  delay-line  loss  was  18-5  dB  at  106  MHz. 

The  correlation  output  is  seen  in  Fig.  2b.  The  width  at 
half  maximum  is  180  ns,  corresponding  to  a compression 
ratio  over  the  original  40  /ts  inputs  of  220.  The  theoretical 
compression,  corresponding  to  the  t.b.  product,  is 

40  /ts  x 7-3  MHz  = 292. 

It  should  be  noted  that  the  observed  output  is  actually  the 
correlation  of  the  50  ns  read-out  pulse  with  the  stored-charge 
pattern,  thus  broadening  the  output  about  10%  over  the  true 
correlation  charge  pattern.  Nevertheless,  the  performance 
improvement  is  dramatic.  In  the  output  correlation  mode,  the 
peak  compression  obtainable  is  limited  by  the  diode  ariay 
length  and  transducer  bandwidth  to  about 

6 nsx  7-3  MHz  = 44, 

or  about  20%  of  that  obtained  through  input  correlation. 

Thus,  input  correlation  removes  the  t.b.  limit  imposed  by 
the  finite  diode  array  length.  The  technology  required  to 
correlate  certain  extremely  long  signals  then  becomes  far 


simpler,  allowing  extremely  high  t.b.  signal  processing  with 
the  storage  correlator. 
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The  charging  process  in  the  acoustic  surface  wavep-/7 
diode  storage  correlator0 
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We  demonstrate  analytically  and  experimentally  that  the  acoustic  surface  wave  p-n  diode  storage 
correlator  may  be  charged  either  very  quickly  or  very  slowly,  depending  on  the  input  signal  levels,  and 
independent  of  the  diode  storage  time.  Thus,  the  same  long  storage  time  device  is  usable  for  both  high- 
speed and  slow  (such  as  integrating)  applications. 

PACS  numbers:  4J.60.Qv,  43.35.Yb,  72.50.  + b,  85.30.De 


Storage  correlators  employing  both  Schottky'  and 
p-tt1, 1 diodes  have  been  demonstrated.  The  relationship 
between  the  charging  and  storage  processes  has  not 
been  well  understood,  and  it  has  been  generally  as- 
sumed that  devices  exhibiting  long  storage  times  will 
require  long  charging  times.  We  have  theoretically  and 
experimentally  demonstrated  that  this  is  not  so. 1 Charg- 
ing time  depends  mainly  on  the  input  levels;  thus,  even 
long  storage  time  p-tt  diodes  may  be  charged  during 
periods  adjustable  from  1 nsec  to  1 sec  or  longer. 

The  storage  correlator  configuration  is  shown  in 
Fig.  1(a),  with  corresponding  equivalent  circuits  in 
Figs.  1(b)  and  1(c).  An  array  of  p-n  diodes  fabricated 
on  a semiconductor  interacts  with  a surface  wave 
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traveling  on  a neighboring  substrate,  hi  the  charging 
process,  a short  pulse  applied  to  the  diode  array 
switches  each  diode  on.  The  capacitor  charges  up  to  a 
voltage  corresponding  to  that  of  the  pulse  [Fig.  1(b)]. 
When  the  pulse  amplitude  drops  to  zero,  the  capacitor 
remains  charged  and  the  diode  becomes  reverse  biased, 
so  that  stored  charge  is  slowly  lost  through  the  diode 
leakage  current.  In  actual  operation,  the  diode  voltage 
is  the  sum  of  two  terms,  one  due  to  the  acoustic  sur- 
face wave  and  the  other  due  to  the  pulse.  After  charging, 
the  reverse-biased  diodes  act  like  varactors,  their 
capacities  depending  on  the  stored  charge.  If  a later 
signal  is  applied  to  the  array,  it  will  excite  a potential 
on  the  piezoelectric  substrate  whose  amplitude  depends 
on  the  diode  capacities.  By  this  means,  the  stored 
charge  may  be  read  out. 

In  another  paper,  we  present  a complete  theory  of 
this  operation.  Here  we  only  discuss  the  diode  charging 
and  show  that,  although  p-n  diodes  arc  reputed  to  be 
slow,  it  is  indeed  possible  to  read  signals  into  these 
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diodes  in  nanosecond  intervals,  independent  of  the 
storage  time.  Furthermore,  by  employing  smaller 
potentials,  it  is  possible  to  charge  relatively  slowly 
in  an  integrating  mode. 

To  understand  the  charging  process,  we  consider  the 
action  of  switching  on  the  diode  by  accounting  for  its 
transient  response.  To  do  this,  we  first  consider  the 
case  of  charging  with  a single  short  pulse  [Fig.  l(b)|. 

Uy  solving  the  />'-«  junction  diffusion  equation  for  times 
much  shorter  than  the  hole  recombination  time,  we  can 
show  that  the  diode  voltage  V0  is 


/< 0<i'-c  v0„ 


where  the  current  density  at  a time  r is  J(t)~  -qDp(i)/>/ 
dr)  and  p(x  — 0,  /)  =/)„c[exp(f/V0  kT)  -1|.  Op  is  the  dif- 
fusion constant  for  holes,  q the  electronic  charge,  and 
the  minority  carrier  density  in  the  n layer  in  ther- 
mal equilibrium.  Wo  assume  that  the  diode  is  charged 
through  a capacitor  C with  a pulse  of  the  form  1(f)-  Vj, 
x (1  — (/  — /0)2//ol , as  in  Fig.  1(b)-  Then  if  the  conduction 
current  through  the  diode  is  much  larger  than  the  dis- 
placement current,  the  current  varies  linearly  in  time. 
It  follows  from  Eq.  (1)  that  the  diode  voltage  is 


wo=- 


cv,tln  (.  _ 3/  Y1 
,/„  (^eF^V  2/ tf  /J" 


<7  L Ql’J0(”Drr"X  2/ 0 )\ 

At  /=  */„,  when  V = the  diode  becomes  reverse 
biased,  and,  hence,  three-fourths  of  the  peak  charge  in 
the  capacitor  C is  stored.  Successive  pulses  will 
asymptotically  increase  the  stored  charge  to  the  maxi- 
mum value  CV0. 

A second  case  is  when  relatively  weak  signals  are 
used  to  charge  the  diodes.  Now  the  capacitive  current 
of  the  diode  dominates  and  the  circuit  model  of  Fig.  1(c) 
is  appropriate  Here  we  solve  the  diffusion  equation  for 
a sinusoidal  voltage  excitation  to  find  the  diode  current. 
The  charge  in  the  capacitor,  due  to  this  current,  in- 
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FIG.  2.  Correlation  output  as  a function  of  the  amplitude  of 
the  charging  pulse  over  a 04  ”C  temperature  range. 

creases  logarithmically  in  time  as 

Q(I)=~Cd  In  [l  4 exp  {q F0[C(C  + CD)  j} 

where  u is  the  frequency  and  CD  - [2//A'£)6s/(l,B  - V0)]l/2 
is  the  diode  capacitance,  taken  to  be  constant,  VB  is  the 
built-in  tiiode  voltage,  and  V0  is  taken  at  its  maximum 
value  in  defining  the  capacitance. 

In  an  actual  device,  the  stored  charge  pattern  results 
from  the  read  in  of  a small  rf  signal  <fia  exp(  /u)/ ) on  a 
transducer  and  a signal  <y>>exp( ;u>f)  on  the  plate.  Assum- 
ing that  the  dominant  potential  at  the  diode  is  due  to  <pp, 
it  is  as  if  the  applied  potential  VA  is  of  the  form 

VA=Aq>p  + (Bqijex^-j^x/r),  (4) 
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FIG.  1.  (a)  Storage  correlator  configuration  and  operation. 

<l>)  Charging  model  for  a single  large  pulse,  (c)  Charging  model 
for  a small  signal. 
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• where /I  and  U are  constants,  r Is  the  acoustic  velocity, 
and  r is  the  position  of  tlie  diode. 

Inserting  this  result  in  Eq.  (3),  we  can  show  that 
there  will  be  a stored  component  of  charge  with  a spa- 
tial wave  number  k- ui/r,  which  varies  as  ln(K/) 
where  K is  a constant. 

The  significant  results  of  this  ansiysis  are  twofold: 

(1)  The  diodes  can  be  charged  to  75', Y of  the  maximum 
value  with  a single  pulse  of  sufficient  amplitude  and 
duration  less  than  one-half  the  rf  cycle. 

(2)  For  small  amplitude  pulses,  the  stored  charge 
varies  logarithmically  with  time.  Thus,  the  charging 
rate  can  be  very  low. 

We  have  performed  experiments  to  verify  these  re- 
sults. The  device  employed  a mesa  p-ii  diode  array5 
with  a room -temperature  storage  time  of  35  msec.  The 
frequency  was  108  MHz  and  the  charging  pulse  length 
was  -5  nsec.  While  the  storage  time  varied  by  more 
than  three  orders  of  magnitude,  the  charging  charac- 
teristics remained  almost  constant  over  a 64  'C  tem- 
perature range  as  shown  in  Fig.  2.  This  is  expected 
from  Eq.  (2)  since  «,<x  T3,i exp(E,/2kT)  and  VD  is 
virtually  independent  of  T.  This  proves  that  a very  long 
storage  time  diode  can  be  charged  with  a very  short 
pulse  of  sufficient  amplitude. 

The  same  device  can  also  exhibit  slow  charging  char- 
acteristics under  the  proper  conditions,  i.  e. , with 


small  amplitude  charging  signals.  In  Fig.  3 a plot  of 
the  device  output  is  given  as  a function  of  the  logarithm 
of  the  charging  time.  The  output  and  output  slope  both 
vary  as  y#l n/,  as  predicted  in  the  discussion  following 
Eq.  (3). 

The  logarithmic  charging  behavior  has  been  observed 
in  earlier  experiments. 2,6  Such  observations  were  inter- 
preted to  show  that  long  storage  time  diodes  will  exhibit 
slow  charging  characteristics.  The  present  work  indi- 
cates that  those  results  were  due  to  the  low  levels  of 
the  charging  signals,  and  not  to  any  inherent  physical 
limitations  of  the  diodes. 

To  conclude,  through  the  proper  choice  of  input  signal 
levels,  the  charging  time  may  be  varied  from  a few 
nanoseconds  or  less  to  i sec  or  more.  Furthermore, 
this  behavior  will  be  independent  of  the  diode  storage 
time. 


lK. A.  Ingebrigtsen,  R.A.  Cohen,  andR.W.  Mountain,  Appl. 
Phys.  Lett.  26,  596  (1975). 

ZC.  Maerfeld,  P.  Defranould,  and  P.  Tournois,  Appl.  Phys. 
Lett.  27,  577  (1975). 

3P.G.  Borden  and  G. S.  Kino,  Appl.  Phys.  Lett.  29,  527 
(1976). 

4P.G.  Borden  andG.S.  Kino  (unpublished). 

5R.  Joly,  Appl.  Phys.  Lett.  29,  525  (1976). 

8P.  Defranould,  H.  Gautier,  C.  Maerfeld,  and  P.  Tournois, 
1976  Ultrasonics  Symposium  Proceedings,  p.  336 
(unpublished). 


- 119  - 


490 


Applied  Physics  Letters.  Vol.  31,  No.  8,  ISOctolier  1677 


490 


APPENDIX  F 


A monolithic  zinc-oxide-on-silicon  p-n -diode  storage 
correlator*0 

H.  C.  Tuan  and  G.  S.  Kino 

Edward  L Uinzton  Laboratory.  Stanford  University.  Stanford.  California  94305 
(Received  13  July  1977;  accepted  for  publication  II  September  1977) 

A monolithic  xinc-oxide-on-silicon  p-n  storage  correlator  has  been  constructed.  When  operated  both  as 
a convolver  and  as  a storage  correlator,  the  electronic  efficiency  obtained  with  this  device  is  comparable 
to  that  of  the  present  LiNbO,  airgap  devices.  This  device  has  the  potential  of  having  very  large  dynamic 
range  because  of  the  absence  of  spurious  bulk-wave  generation,  as  occurs  in  the  airgap  device.  Several 
signal-processing  functions  have  been  demonstrated  with  this  new  type  of  storage  correlator.  In  one  chirp 
correlation  experiment,  correlation  of  signals  with  a time-bandwith  product  of  4000  has  been  observed. 

PACS  numbers:  43.60.+d,  72.50.  + b,  Sl.l5.Cd 


Because  of  its  wide  applications  as  a signal -process- 
ing device,  the  storage  correlator  has  attracted  much 
attention  in  the  past  two  years. 1-3  All  the  storage  cor- 
relators with  diode  arrays  that  have  been  fabricated  so 
far  are  of  the  so-called  airgap  type,  where  a substrate 
of  silicon  with  diode  array  on  it  is  separated  by  an  air- 
gap  from  a LiNbOj  delay  line.  In  order  to  achieve  effi- 
cient and  uniform  interaction  between  the  acoustic  wave 
and  the  diode  array,  sophisticated  assembly  techniques 
have  to  be  used  to  maintain  a thin  airgap  typically  of  the 
order  of  2000  A along  the  whole  length  of  the  diode 
array.  This  requires  that  each  device  be  assembled  and 
adjusted  individually.  For  this  reason  and  others  to  be 
explained  latter,  a monolithic  structure  is  desirable. 

In  this  paper  we  describe  such  a monolithic  storage 
correlator.  The  configuration  of  the  device  is  schemati- 
cally shown  in  Fig.  1.  This  configuration  is  very  similar 
to  that  of  the  zinc-oxide— on— silicon  convolver  demon- 
strated by  Khuri-Yakub  and  Kino.'1  A zinc-oxide  layer 
1.6  pm  thick  is  rf  sputtered  on  the  Si  substrate  to  pro- 
vide the  piezoelectric  coupling  between  the  acoustic  sur- 
face wave  and  the  silicon.  The  rf  power  used  for  the 
deposition  is  160  W and  the  Si  substrate  is  kept  at 
250  °C  throughout  the  sputtering  process.  The  oriented 
gold  pads  at  each  end  of  the  delay  line  provide  slightly 
better  underlayers  than  Si02  for  the  zinc-oxide  growth. 
These  pads  also  act  as  ground  planes  for  the  inter - 
digital  transducers  which  are  deposited  on  top  of  the 
ZnO  layer  on  the  gold  pads.  The  10 -finger  interdigital 
transducer  is  designed  to  launch  a 1 -mm -wide  acoustic 
beam  at  125  MHz  center  frequency.  The  «-type  (111)  Si 
substrate  used  has  a resistivity  of  9—15  fiem.  The 
diodes  on  the  surface  of  the  Si  substrate  are  4 pm  wide 
with  a 4 -pm  spacing  between  diodes.  These  diodes  are 
fabricated  by  shallow  boron  diffusion  (=0.6  pm)  follow- 
ing a n'  gettering  phosphorus  diffusion  on  the  back  of 
the  Si  wafer.  This  gettering  process  reduces  the  number 
of  metallic  ions  present  at  the  Si  surface;  thus  diodes 
with  low  leakage  current  can  be  fabricated  reproducibly. 

Simple  inductance  tunning  for  the  two  transducers 
yields  a terminal -to -terminal  loss  of  about  19  dB  with 


•’Work  supixirtod  by  the  Office  of  Nnvnl  Research  under  con- 
tract N 00014-7  G-C-01U9. 


a 3-dB  bandwidth  of  8 MHz.  When  used  as  a convolver, 
this  device  gives  an  overall  convolution  efficiency  of 
-66  dBm.  Considering  the  fact  that  the  diodes  occupy 
only  half  the  area  of  the  active  silicon  region,  this 
number  compares  favorably  with  -58  dBm  as  predicted 
and  measured  by  Khuri-Yakub  and  Kino4  for  their  zinc- 
oxide  convolvers. 

Several  modes  of  operation  are  possible  when  this 
device  is  used  as  a storage  correlator.  In  the  present 
case,  the  writing  process  is  accomplished  by  storing 
a charge  pattern  in  the  diode  array  through  the  simul- 
taneous presence  of  an  rf  signal  applied  to  the  top  plate 
and  the  electric  fields  associated  with  the  acoustic 
signal  launched  by  transducer  A.  After  the  storage 
interval,  by  applying  another  rf  signal  to  the  top  plate, 
the  correlation  of  this  signal  with  the  stored  signal  is 
obtained  at  the  acoustic  port  B.  fn  this  mode  of  opera- 
tion we  have  observed  a 65 -dB  output  dynamic  range 
with  a 3-dB  storage  time  of  20  msec  or  more,  with  the 
maximum  acoustic  input  level  of  26  dBm  at  the  acoustic 
port  and  6 V p-p  at  the  input  terminal  of  the  top  plate 
both  for  write-in  and  read-out. 

It  is  important  to  note  that  due  to  the  presence  of  the 
rf  signal  on  the  top  plate  during  read-out,  spurious 
signals  will  be  detected  along  with  the  correlation  out- 
put. These  spurious  outputs  are  caused  either  by  direct 
rf  pick-up  by  the  output  port  or  by  the  surface-wave 
and/or  bulk -wave  generation  when  the  piezoelectric 


FIG.  1.  Schematic  of  the  ilnc-oxldc— on— silicon  monolithic 
storage  correlator. 


* zinc -oxide  film  is  excited  by  the  top-plate  rf  signal. 

* The  direct  rf  feedthrough  has  been  reduced  below  the 
thermal  noise  of  the  measuring  system  by  extremely 
careful  design  of  the  enclosing  metal  box  and  by  proper- 
ly grounding  the  silicon  substrate. 

Since  the  piezoelectric  zinc -oxide  film  on  our  device 
is  only  1.6  pm  thick,  bulk -wave  generation  by  the 
read-out  signal  which  severely  limits  the  input  dynamic 
range  of  the  airgap  storage  correlator  is  not  present; 
this  is  a major  advantage.  Therefore,  our  main  concern 
is  with  spurious  surface -wave  generation  either  from 
the  ends  of  the  top  plate  or  from  the  whole  length  of  the 
active  zinc-oxide  film  underneath  the  top  plate.  By 
slanting  the  ends  of  the  top  plate;  the  former  effect  has 
been  eliminated.  The  spurious  surface-wave  generation 
by  the  whole  active  region  underneath  the  top  plate  at 
the  present  time  limits  the  input  dynamic  range  of  our 
device  to  30—35  dB;  i.e.  , the  range  over  which  the 
level  of  the  signal  to  be  stored  can  be  varied  during  the 
write-in  process  before  the  correlation  output  drops  to 
the  spurious  signal  level. 

Our  present  hypothesis  for  the  cause  of  this  spurious 
signal  is  that  the  diode  array  perturbs  the  surface 
waves.  Therefore,  any  structural  periodicity  appearing 
in  the  diode  array  which  matches  the  wavelength  of  the 
rf  signals  used  can  cause  surface-wave  generation.  In 
support  of  this  argument,  we  note  that  the  level  of  the 
spurious  signal  can  be  affected  by  dc  bias  applied  to  the 
top  plate  which  controls  the  surface  potential  of  the 
//-type  regions  between  diodes.  Effort  is  under  way  at 
the  present  time  to  fabricate  new  devices  with  a simpli- 
fied array  structure.  Unfortunately,  for  historical 
reasons,  the  present  diode  elements  are  staggered 
giving  an  additional  periodicity  of  130  pm,  which  could 
cause  the  unwanted  spurious  surface -wave  generation 
through  its  fourth  harmonics. 

Several  signal -processing  functions  have  been  demon- 
strated with  this  device.  Figure  2 shows  the  storage 
correlation  of  a 5 -bit  Barker  code.  The  Barker  code  is 
stored  in  the  diode  array  by  feeding  it  to  the  top  plate 
and  at  the  same  time  passing  a 200 -nsec  acoustic  pulse 
underneath  it.  The  side  lobe  level  is  within  2 dB  of  the 
theoretical  value  of  -14  dB.  A second  experiment 
demonstrates  that  integration  and  correlation  between 
two  input  signals  can  be  obtained.  Two  identical  linear 
FM  chirps  are  inserted  simultaneously  into  both  the 


FIG.  2.  Storage  correlation  of  a 5-bit  Darker  code.  (Horizon- 
tal: 2 pscc/div.) 


FIG.  3.  Correlation  peak  obtained  with  (a)  700-pscc  6-MIIz 
(b)  350-pscc  3-MHz  linear  FM  chirps. 


acoustic  port  and  the  top  plate. 5-7  These  signals  are 
arranged  to  be  of  low  enough  level  so  that  many  rf 
cycles  are  required  to  saturate  the  diodes.  In  this  case 
the  device  stores  a component  of  charge  which  is  pro- 
portional to  the  integral  of  the  product  of  the  two  sig- 
nals, i.e. , if  the  signals  are  F(t)exp(jiot)  and  G(t) 
exp (;<W),  respectively,  the  stored  signal  is 

H(x)=a  jF(t  -x/v)G(l)cos(ij)x/v)dt, 

where  a is  a constant  and  v is  the  acoustic -wa>-e  veloc- 
ity. By  delaying  one  chirp  by  3 psec  with  respect  to  the 
other  we  obtain  the  stored  correlation  peak  of  the  two 
chirps  in  a short  region  along  the  diode  array.  Thus  the 
long  chirp  is  compressed  into  a narrow  charge  spike 
stored  in  the  diode  array.  The  compression  ratio  de- 
pends on  the  time -bandwidth  product  of  the  chirp  used 
which  in  turn  is  only  limited  by  the  bandwidth  and 
storage  time  of  the  device.  Since  the  storage  time  of 
the  device  can  be  very  long  ( a few  hundred  msec  or 
more),  extremely  large  compression  ratios  can  be 
achieved. 

Trace  (a)  of  Fig.  3 shows  the  correlation  output  ob- 
tained with  a short  pulsed  read-out  signal  of  approxi- 
mately 100  nsec.  It  will  be  observed  that  the  output  is 
200  nsec  wide,  when  the  input  FM  chirp  is  700  psec 
long  and  has  a frequency  excursion  of  6 MHz.  This 
represents  a compression  ratio  of  about  3500.  As  a 
check  on  this  result,  we  note  with  trace  (b)  that  when 
the  chirp  is  gated  to  350  psec  long,  thus  reducing  the 
bandwidth  by  a factor  of  2,  the  compressed  output  pulse 
widens  by  a factor  of  2,  and  its  amplitude  drops;  in 
addition  the  sidelobe  levels  become  much  worse — prob- 
ably due  to  the  fact  that  this  device  is  as  yet  not  a true 
linear  integrator.  As  demonstrated  by  Ingebrigtsen  and 
Stern8  we  believe  that  it  should  be  possible  to  operate 
the  device  in  a linear  integration  mode.  These  experi- 
ments demonstrate  that  like  the  airgap  storage  corre- 
lator, this  monolithic  device  stores  both  the  amplitude 
and  phase  of  a signal  and  demonstrates  that  correlation 
of  extremely  large  time -bandwidth  product  signals  can 
be  obtained. 

We  conclude  that  an  efficient  monolithic  zinc -oxide- 
on— silicon  storage  correlator  can  be  fabricated.  Its 
capability  and  versatility  as  a signal -processing  device 
have  been  demonstrated.  Because  of  the  absence  of 


spurious  bulk -wave  generation,  it  may  become  a practi- 
cal signal-processing  device  ottering  large  dynamic 
ranges,  both  at  input  and  at  output.  In  addition  it  offers 
the  possibility  of  correlating  signals  with  extremely 
large  time-bandwidth  products  determined  by  the  stor- 
age time  of  the  device  and  the  bandwidth  of  the  trans- 
ducers. As  storage  times  can  be  1 sec  or  more  and 
bandwidth  in  the  tens  of  MHz  range,  the  possible  signal  - 
processing  capability  is  impressive. 
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valuable  suggestions  on  the  subject  of  ZnO  technology 
and  L.  Goddard  for  his  contributions  to  making  the  ZnO 
film  growth  a more  reproducible  process. 
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